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ABSTRACT
The general objective of this report is to determine the effect
of longitudinal stiffeners on the static behavior of plate girder
panels and to determine the contribution of longitudinal stiffeners
to the ultimate strength of plate girders.
The results of thirteen tests on nine full size girders are
described and discussed. The ultimate strength theories developed
by Basler and ThUrlimann for transversely stiffened plate girders
are also reviewed and discussed. Using these theories and the test
results as a starting point, methods of predicting the strength of
longitudinally stiffened plate girders are developed.
Bending tests on longitudinally stiffened plate girders indicate
that by controlling lateral web deflections, a longitudinal stiffener
can maintain a linear stress distribution in the girder section. It
is suggested that a properly positioned and proportioned longitudinal
stiffener can maintain this linear stress distribution until the
ultimate moment is reached, thus eliminating the need fora reduction
in ultimate bending stress. Stiffener positioning and proportioning
requirements are formulated to ensure that the bending stress
distribution remains linear. For test girders with stiffeners which
fulfill these requirements, the observed ultimate loads agree very
closely with those predicted by the theory.
- 1 -
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Shear tests on longitudinally stiffened plate girders reveal
that a longitudinal stiffener can control lateral web deflections
to the extent that separate tension fields can be developed in the
subpanels formed by the stiffener. Accordingly, a shear strength
theory is formulated by assuming that the shear strengths of the
subpanels can be developed independently of adjacent subpanels and
that the ultimate shear force of the stiffened panel is the sum of
the ultimate shear forces of the subpanels. Using this theory, the
shear strength is computed for a number of panel sizes and stiffener
positions. Comparison of these predictions with test results indicates
that the theory provides a reliable, though somewhat conservative
estimate of the shear strength of longitudinally stiffened plate girders .
••
,
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Chapter 1
INTRODUCTION
1.1 Background
The essential difference between an I-shaped plate girder and a
beam is the slenderness of the web. Because of this difference, the
methods commonly used in the design of beams are not applicable to
plate girders. The proportions of a plate girder have been determined
from a stability consideration, that is, the theoretical web buckling
stress has been the criterion for failure or limit of usefulness.
Various arrangements of stiffeners have been used to reinforce th:e web
and thus raise the buckling stress. The elastic or linear buckling of
plates with various combinations of boundary
stiffener arrangements has been investigated
conditions, loading and
1,2
extensively , so that
the theoretical web buckling stress can be determined without much
difficul ty.
Classical plate buckling theory is based on the assumptions that
the plate is initially undeformed and that lateral deflections which
develop under load are small relative to the plate thickness. In apply-
ing this theory to plate girder design, several difficulties are encoun~
teredo Initial web distortions are the rule rather than an exception in
real plate girders and the magnitude of the lateral web deflections
3
commonly approaches or even exceeds the web thickness. Because of the
- 3 -
••
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presence of initial web distortions, no clearly distinguishable web
buckling load can be observed in a test of a real plate girder. It
has been concluded from an extensive series of girder tests that
-4
r
lateral web deflections "increase continuously, without any considerable
changes in the rate of increase, from zero load up to the instant when
.
the proportional limit or yield point is exceeded in comparatively
large p'ortions of the plate .•AFurthermore, because of stress redis tri-
bution in the web and the supporting action of the flanges and stiffeners
which frame the web, the maximum load which a girder can sustain is
5
usually considerably higher than the theoretical web buckling load. In
many cases where plate girder design is based on web buckling theory,
the existence of post-buckling strength is tacitly recognized by the use
6
of lower factors of safety against web buckling.
The post-buckling strength of plates can be investigated using the
so-called "large deflection theory", which includes the effect of lateral
deflections of the order of the plate thickness and membrane strains
which are a function of these deflections. To be applicable to real
problems, the influence of initial plate imperfections should be taken
into account. The results of such an investigation could not necessarily
be used directly to predict the ultimate strength of a plate girder
since the boundary members around a web panel play an important role in
developing the strength of a girder. Thus the strength of the whole
assemblage consisting of the web plate and the boundary members needs to
be inves tigated.
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An extensive test program was conducted at Lehigh University to
-5
determine the post-buckling strength of welded, transversely stiffened
5
plate girders during the period 1957 to 1960. Covering a wide range
of geometric parameters, the full~size test girders were subjected to
pure bending, high shear and combined bending and shear. It was
concluded from ten bending tests that lithe theoretical buckling lo~d
has no bearing on the static performance of a girder and that there is
no justification in trying to use it as a basis for design." In all
ten tests, girder; failure was due to a failure of the compression
flange. Five shear tests on " g irders with high slenderness ratios
revealed that such girders exhibit a considerable post-buckling
strength~~.This post-buckling strength is due to a very pronounced
tension field action requiring the presence of transverse stiffeners."
Methods of predicting the static strength of transversely stiffened
plate girders, which are based on the behavior exhibited by the agove-
. 7,8,9
mentioned test girders, were presented ~n 1961. These methods
have since been adopted as the basis for the design of plate girders for
buildings in the United States. 10 However, bridge girder specifications
in the United States are still based on web buckling theory, and include
provisions for the use of longitudinal stiffeners to increase the web
11 ,12
buckling strength in bending. In 1963, a research program was
initiated at Lehigh University to determine the strength of longitudinally
stiffened plate girders. This report presents much of the results of
this research.
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1.2 Previous Work
Many investigators have studied the buckling strength of longi-
tudinally stiffened plates; however, no analytical methods have been
-6
,
developed to determine the carrying capacity of longitudinally stiffened
. 2plates or longitudinally stiffened g~rders. Although a number of tests
on longitudinally stiffened girders have been conducted, the methods of
conducting the tests and the conclusions which were reached from the
tests have unfortunately been too often influenced by the belief of the
investigators that ~eb buckling is the phenomenon which controls the
strength of a girder.
A brief account of one bending test on an 18 ft. longitudinally
13
stiffened steel box girder was given by Madsen in 1941. The test was
not taken to failure but it was concluded that "longitudinal stiffeners
are very effective in preventing buckling of the web."
In 1944, Gaber published the results of tests on 10 steel girders
14
with spans of 3 and 6 meters. In spite of accurate workmanship, the
webs of all 10 girders had initial deflections and, as load was applied,
the deflections increased continuously from zero load to failure with
no elastic stability phenomena being observed. With a uniformly
distributed load applied to the center portion of the top flange of each
girder, it was .found that it was practically impossible to eliminate the
influence of lateral web deflections on the load carrying capacity by
means of longitudinal stiffen~rs of a reasonable size.
The depth of the girders was one meter and the spans varied
304.6
Massonnet conducted six ultimate load tests on two welded plate
. d 15g1r ers.
-7
i
•
from 5.5 to 10 meters. Longitudinal stiffener position and size,
loading condition and transverse stiffener spacing were all varied
during the test series. It was concluded that the minimum stiffener
rigidity prescribed by buckling theory is inadequate at ultimate load.
A more recent report presents the results of two more girder tests where
16
tubular flanges and stiffeners were used.
Perhaps the most extensive test program has been conducted by
17
Rockey. Over 140 buckling tests on webs of bolted aluminum girders
with one-sided longitudinal and transversestiffeners.have been r~ported.
Based on the tests, design rules for spacing and proportioning transverse
stiffeners and for proportioning longitudinal stiffeners were suggested.
Two full size and two model longitudinally stiffened steel plate
girders were tested by Longbottom and Heyman to check the provisions of
18
a proposed new British specification. With the test sections subjected
to pure bending, all of the specimens failed by lateral buckling of the
compression flange. The report does~not indicate the extent, if any,
that the longitudinal stiffeners contributed to the bending strength.
This topic is further explored in Chapter 3.
A1though the tests mentioned above established that the strength of
longitudinally stiffened plate girders is greater than the web buckling
strength, the effect of longitudinal stiffeners on girder behavior and
the contribution of a longitudinal stiffener to the ultimate ~trength of
"':' !:t.. ;,.1.
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a girder have not been clearly defined. The experimental phase of the
research on longitudinally stifferied plate girders at Lehigh University
. 19,20
has been directed toward solving these problems. This test
program will be described in Chapter 2.
304.6
1.3 Definitions and Notation
A plate girder of the type considered in this report is shown in
-9
Fig. 1.A panel is defined as that portion of the web which is bounded
by the flanges and two adjacent transverse stiffenerso The notation
used to describe the panel size and the size of the web are indicated
in Fig. 2. The web thickness is denoted by the symbol "t", the panel
width or distance between transverse stiffeners is designated by " a"
while the panel depth or distance between flanges is designated by "b".
Two non-dimensional parameters will be used to describe the geometry
of the web and of a web panel: the aspect ratio ~ = alb and the web
slenderness rati6 ~ = bit.
A longitudinal stiffener divides a panel into two subpanels, subpanel
"0" and subpanel "1", as shown in Fig. 2. The location of the stiffener
is defined by the distance from the compression flange to the stiffener,
designated asbl . If a second longitudinal stiffener is introduced
between the first stiffener and the t'ension flange, its distance from the
compression flange would be designated as b2 . It is more convenient to
describe the location of longitudinal stiffeners in the non-dimensional
form ~ = b Ib, ~ = bib, etc.1 1 2 2
Other symbols used in the report will be defined when they are
introduced in the development.
•304.6
Chapter 2
EXPERIMENTS ON._ LONGITUDINALLY STIFFENED PLATE GIRDERS
2.1 Introduction
It has been pointed out inSect. 1.2 that, although quite a few
tests on longitudinally stiffened plate girders have been reported in
the literature, most of the tests were intended to determine the
influence of longitudinal stiffeners on web buckling. strength. The
objectives of the experimental investigation described in this chapter
were to determine the effect of longitudinal stiffeners on the post-
buckling behavior of plate girders and to determine the contribution
of longitudinal stiffeners to the static strength of plate girder~.
The test program and the results of the tests are presented in detail
in Refs. 19 and 20.
A girder section can be subjected to pure bending, high shear or
combined bending and shear, as indicated in Fig. 1. The loading
conditions of pure bending and high shear were investigated using the
test setups shown in Figs. 3 and 4.
Five test specimens were subjected to pure bending. The test
specimens were bolted to reuseable end sections (Fig. 3), which were
designed conservatively so that failure would occur in the test
sections. The same flange, web and transverse stiffener sizes were used
in all Jive specimens (Fig. 5). Since the longitudinal stiffener
position was also kept constant, the only test variables were the longi-
- 10 -
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tudinal stiffener size and tranaverse stiffener spacing. Specimen LBI
had.no longitudinal stiffener and served as a control specimen. The
principal specimen parameters and the stiffener sizes are summarized
in Table 1.
Eight shear tests were conducted on four girders using the set-up
of Fig. 4. The flanges were over-designed so that shear failures could
be obtained. Flange and web sizes we~e the same for the four girders
(Fig. 6), and thus the location and size of the stiffeners were the
only variables. It was intended that s~me of the panels in each gi~der
would be stronger than the other panels so that after the weaker ones
had been tested they could be reinforced, permitting a second test on
the girder. This reinforcement consisted of one-sided diagonal stiffeners
welded to the web and flanges and oriented along the tension diagonal of
each failed panel as shown in the photograph in Fig. 7. This procedure
was used successfully for three girders, permitting two tests on Girder
LSI and on Girder LS4 and three tests on Girder LS3. The test parameters
and stiffener sizes for the eight shear tests are listed in Table 1.
The specimens were fabricated from structural carbon steel. All of
the longitudinal components (flanges, webs and longitudinal stiffeners)
we~e ordered at least two feet longer than required for the specimens,
and before these components were welded together, the extra two foot
lengths were cut off and shipped to'the laboratory. These coupon plates.
were measured to determine the actual, as-delivered dimensions and stand-
ard tensile coupons were cut from them to determine the physical proper-
ties. Using the measured dimensions and yield points, various reference
loads were calculated as described below.
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The critical load P is the load at which the theoretical web
cr
buckling stress is reached. It is calculated from the formula 6
(J
cr
'T
cr
} = k
2
TT E
•
•
where cr and 'T are the critical normal and shearing stresses
cr cr
respectively. The buckling coefficients k for the various stiffened
panels were obtained from Ref. 21. For the bending tests, the critical
moment is M = cr S , where·S is the section modulus 'obtained by
cr cr a a
dividing the moment of inertia of the section by the distance from the
neutral axis to the extreme fiber of the compression flange. For the
test set-up used for the bending tests, the critical load is given by
P = M /120 in. The critical shear force is V = 'T A where A
cr cr cr cr w' w
is the area of the web, and the critical load for the shear girders is
P = 2V
cr cr
The yield load is defined as the load at which yielding is first
reached according to beam theory. For the bending tests, the yield
moment is M ~ cr S , where cr is the yield point of the compression
y yf a yf
flange, and the yield load is Py My /120 in. The shear force required
to reach the yield stress in shear is V. = 'T It/Q, wherey y 'T y cr /13",yw
cr is the yield point of the web, I is the moment of inertia of theyw
section and Q is the static moment about the neutral axis. The yield
load for the shear girders is given by P 2V.yy
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The final reference load is the th~oretical ultimate load for the
test panels if no longitudinal stiffener were used and is denoted by
MethQds for calculatingM , the theoretical ultimate moment for an
o
unstiffened section, and V the theoretical ultimate shear force for
0'
an<unstiffened panel, are reviewed in Chapters 3 and 4, respectively.
The theoretical ultimate load is given by P = M /120 in. for the
o 0
bending tests and P
o
2V for the shear tests.
o
•
The reference loads were used to select test load increments and to
ex
. compare with the experimentally obtained ultimate loads P . Thus the
u
ratio P ex/ p will indicate the magnitude of the post-buckling strengthU'cr
and P ex / p will provide a quantitative measure of how much the longi-
u 0
tudinal stiffeners contributed to the static strength of the test
specimens. The values of the reference loads for the thirteen tests
are listed in Table 2.
•304.6
2.2 Bending Tests
-14
For the bending tests, lpad was applied with two hydraulic jacks
and measured with a gage wJ:1.ich indicated the load P (Fig. 3).
Intermittent lateral support 9f the compression flange was supplied by
pipes which were pinned to the test specimen and end fixtures at one
end and to a lateral support beam at the other end. These supports
were located at the transverse stiffeners of the clest specimens, at the
bolted joints and at the loading points.
The testing history and general loading behavior of a specimen ~an
be traced on a load-versus-center line deflection.curve. The P vs. v
<t
• ,c~rves for specimens LBl and LB4 are shown in Figs. 8 and 9. The
corresponding curves for the other three bending tests were similar.
\
The numbered circles indicate positions on the curves where loading was
stopped and where measurements were taken. The reference load P and
cr
the experimentally obtained ultimate load P ex are also indicated on the
u
figures~ In each test, a specimen was considered to have reached its
ultimate load when a substantial increase in the center line deflection
was observed with no accompanying increase in the applied loads. In two
tests (LB2 and LB4) , the specimens were strained considerably beyond
first attainment of ultimate load before failure occurred. (These
failures were defined by a sudden drop in load accompanied by visible
damage to the specimens::)
The reference loads and experimentally obtained ultimate loads for
the five tests are listed £rt Table 3. Although buckling theory indicates
that specimens LB2 toL~5, because of their longitudinal stiffeners,
••
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should be over five times as strong as LB1, which did not have a
. -15
exlongitudinal stiffener, P for all five tests was of about the same
u
magnitude. The ratio P ex/ p clearly demonstrates the inadequacy of
u cr
buckling theory in predicting bending strength. Since the ratio
p ex/p is about 0.9 for each test, ,the fact that beam theory cannot
u y
be used to predict the bending strength is also established. The
experimental ultimate loads are very close to the theoretical ultimate
loads for the unstiffened panels (P ), in fact the maximum difference
o
between the two loads is only 2%. This indicates that the longitudinal
stiffeners used in specimens LB2-LB5 did not contribute significantly
to the bending strength.
In addition to the ultimate loads, test"results were obtained in
the form of lateral web deflections and stress distributions. Measured
web deflections for specimens LBl and LB3 are shown in Figs. 10 and 11,
respectively. Data similar to that in Fig. 11 was obtained from tests
LB2, LB4 and LB5. At the left of this figure, the web deflection
patterns for four different loads are plotted. The twossections where
these deflections were measured are indicated on the sketch of the test
panel between the two plots. At the right, the lateral deflection of
the longitudinal stiffener at the same two sections can be traced from
zero load to ultimate load with the aid of the load-versus-lateral
deflection (P vs. w) curves. Similar curves are plotted for LBl in
Fig. 10. By comparing Figs. 10 and 11, the effectiveness of the
longitudinal stiffener in controlling the growth of web deflections in
LB3 can be evaluated. Although the initial deflected .shapes were
304.6 -16
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different, the most important difference between the two figures is the
slope of the P vs. w curves. The maximum increase in stiffener
deflection between 0 kips and 120 kips was 14% for LB3, while the
deflection at the same location on the web of LBl increased 140%
between the same two loads.
By Load No. 19, the stiffener of LB3 was severely buckled. The
magnitude of the stiffener deformations after test LB3 was completed
is evident in the photograph in Fig. 12. In tests LB2, LB4 and LBS, the
longitudinal stiffeners also failed prior to reaching the ultimate load,
with the result that a fairly rapid increase in stiffener deflection
similar to that shown in Fig. 11 too~ place.
The distribution of stress in the section ~t the center of each
test specimen was computed from strains which were measured at the
various load numbers. Some of the. resul ting data for tes ts LBl and
LB3 are plotted in Figs. 13 and 14. Because of the large lateral web
deflections in the upper portion of the web of LBl (see Fig. 10), the
stress ina substantial portion of the web befween the neutral axis
and the compression flange was very small, while that in the compression
flange was greater than that predicted by beam theory (Fig. 13). This
redistribution of stress from the web to the compression flange was
prevented by the longitudinal stiffener of specimen LB3 until the
stiffener had failed (Fig. 14). In tests LB2, LB4 and LBS, stress
redistrubution was controlled in a similar manner until the longitudinal
stiffeners failed.
304.6 .,17
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The stress distributions in Figs. 13 and 14 indicate that the. yield
stress was reached in the compression flange at the ultimate load in
tests LBl and LB3. Actually, in all five tests the ultimate load was
reached as a result of general yielding of the compress~on flange.
The extent of this yielding is evident in Figs. 12 and 15, where the
yield patterns on the bottom surface of the compression flange and on
the adjacent portions of the web are shown after tests LBl and LB3
wer~ completed. In the two cases where the tests were continued beyond
the ultimate load until failure occurred (tests LB2 and LB4) , the mode
of failure was vertical buckling of the compression flange into the web.
Specimen LB4 after failure is shown in the photograph in Fig. 16 .
The results of the bending tests described in this section can be
summarized as follows:
1. There is no rational correlation between the theoretical
web buckling load and the bending strength of longi~
tudinally stiffened plate girders.
2. Beam theory cannot be used to predict the bending strength
of longitudinally stiffened plate girders.
3. The longitudinal stiffeners which were used in these tests
,
qad no significant effect upon the bending strength of the
specimens.
4. The longitudinal stiffeners were very effective in
controlling web deflections up to the loads at which the
stiffeners buckled.
304.6 -18
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2.3 ,Shear Tests
-19
general behavior of the girders.
,.
The four shear girders were tested in a hydraulic testing machine
with a concentrated load applied at midspan of each girder by the
movable crosshead of the machine. As mentioned in,Sect. 2.1, the
flanges of the girders were overdesigned so that shear failures would
occur. The compression flange in each test was supported laterally at
the quarter points by' pipes which were pinned to the girder at one end
and to a lateral support beam at the other end.
Similar to the bending tests, the load-versus-center line deflec-
tion curves provided a convenient record of the testing history and
These P vs. v curves are shown in
<L
Figs. 17 to 20 for Girders LSI to LS4. Referring to Fig. 17, for
example, the ultimate load in test LSl-Tl was reac~ at load No. 17.
(The ultimate load is defined as the highest static load which a girder
can sustain» After unloading to load No . 18, the panels which had
reached their ultimate load were reinforced with diagonal stiffeners as
described in ,Sect. 2.1. This,.repair is indicated on the figure with a
weld symbol. After the repair, test LS1-T2 was conducted, starting
with load No. 19. A similar procedure was used for Girders LS3 and LS4
while Girder ~S2 was subjected to only one test. Testing of all four
girders was continued beyond the ultimate load of the last test until
unloading of the specimen was observed (for example, the portion of the
curve between load Nos. 36 and 37 in Fig. 17).
and P , the experimental ultimate load
o
•
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The 'reference loads·P ,P
cr y
P ex and the load ratios P eX/P
u u cr'
P eX/P
u y
-20
ex
andP Ip are listed in
u 0
Table 4 for the eight shear ~ests. Similar to the bending tests, the
ex ex
values of the ratiosP Ip and P Ip indicate that neither buckling
u cr u y
theory nor beam theory can be used successfully to predict the ultimate
shear strength. However, unlike the bending tests, the longitudinal
stiffeners in each of the shear tests made a substantial contribution to
the ultimate strength. As indicated by the values of the ratio P ex /P
u 0
in the last column of Table 4, the longitudinally stiffened panels
developed from 6,to 38% more strength than the same panels would have
developed according to the shear strength theory for transversely
stiffened girders. (The panels of test LS1-Tl had no longitudinal stif-
exfeneo:s; the correlation between P and P in this case is quite good.)
u 0
The longitudinal stiffeners were very effective in controlling web
deflections in the shear tests. This can be seen from the plots of
measured web deflections in Figs. 21 and 22. Fig. 2la shows the web
deflections at the center of a panel of test LS1-Tl, which had no longi-
tudinal stiffener and served as a control test. , Similar plots for tests
LS1-T2, LS4-Tl and LS4-T2, with longitudinal stiffeners at ~ = 0.33,
1
0.2 and 0.5, respectively, are shown in Figs. 2lb, 22a and 22b. For
each of these figures, the deflected shape of the web is shown for
loads of 0 kips, 240 kips and the ultimate load for the particular test.
A visual comparison of the web deflections of test LS1-Tl with those of
the other three tests shows that the stiffeners were very effective in
controlling the growth of the deflections. ,Similar plots for the tests
•304.6
on girders LS2 and LS3 indicate that the longitudinal stiffeners in
these tests were equally effective in controlling lateral web
deflections.
-21
The longitudinally stiffened panels developed higher shear
strengths than predicted by shear strength theory for transversely
stiffened girders because of the control of web deflections by the
stiffeners. Thus, each individual subpanel developed its own tension
field. This fact is well documented by photographs of the four girders
after testing had been completed. In.Fig. 7, which shows Girder LS4
after testing, the development of tension field action in each of the
six subpanels in the left half of the girder is clearly seen from the
yield line patterns. Similar photographs of Girders LSI, LS2 and LS3
after testing (Figs. 23, 24 and 25) indicate that separate tension
fields developed in all of the subpanels of these girders also.
The results of the shear tests described in this section can be
summarized as follows:
1. Neither web buckling theory nor beam theory can be used
to predict the shear strength of longitudinally stiffened
plate girders.
2. The longitudinal stiffeners used in the tests resulted
in a significant increase in .. shear strength.
3. The longitudinal stiffeners were very effective in
controlling web deflections.
4. Because of the control of web deflections by the
longitudinal stif&eners, all subpanels developed their
..
•
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own tension fields.
5. The shear strength of the longitudinally stiffened
panels was attained only after the development of
these tension fields .
-22
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2.4 .. Sunnnary
-23
•
Thirteen ultimate strength tests were conducted on nine longitudi-
nally stiffened girder specimens. Five bending tests and eight shear
tests indicate that neither web buckling theory nor beam theory can be
used to predict the static strength of longitudinally stiffened plate
girders. The test results show that longitudinal stiffeners can be
very effective in controlling web deflections and, as a result, the
type of stress redistribution which occurs in the post-buckling range
can be significantly affected. For the case of pure bending, an
effective longitudinal stiffener can reduce stress redistribution from
the compressed portion of the web to the compression flange. For the
case of high shear, longitudinal stiffeners can force the formation of
individual, separate tension fields in all of the girder subpanels.
Using the test results described in this chap,ter and the strength
7· 8theories tor transversely stiffened plate girders ' as a starting
point, the static strength of longitudinally stiffened plate girders
is explored analytically in the following two chaPFers .
•..
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Chapter 3
BENDING .STRENGTH
3.1 Introduction
The behavior of a transversely stiffened plate girder subjected
to pure bending can be described using the test data on measured web
deflections and bending stresses shown in Fig. 26. Test specimen LBi,
from which the data was obtained, has already been described in Sect .
.2.1 and some of the data in Fig. 26 has been plotted in Figs. 10 and 13.
Plotted in Fig. 26a are lateral web deflections measured at four
different loads. The initial deflected configuration of the web is
indicated for a load of zero kips and it can be seen that the maximum
initial deflection was about one and a·half times the thickness of the
web. This situation is quite typical of welded gi-rders with high web
slenderness ratios. The figure indicates that the web deflections
increased at a rather'uniform rate in the upper half of the web, which
was subjected to compressive'bendiLng stresses, while the deflections
in the lower half of the web were somewhat reduced as load was increased
due to the tensile stresses present in that region. Once again it can
be. stated that this behavior is typical of welded plate girders with
high slenderness ratios.
The behavior of plate girders subjected to bending is further
illustrated by the curves of bending stress distribution in Fig. 26b.
The data shown in the figure was obtained by multiplying the strains
- 24 -
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measured with electrical resistance strain gages by the modulus of
elasticity .. For the web, each plotted point represents the average
of two values obtained from gages mounted on opposite sides of the web,
therefore the curves ~ndicate the web membrane stresses. The linear
stress distributions predicted by conventional beam theory, that is,
cr = -MIS, ,are also shown in the figure by light lines. The measured
tensile stresses in the lower portion of the web correspond very
closely to those predicted by beam theory, however, due to the increas-
ing lateral web deflections in the compression zone, a redistribution
of compressive stresses from the web to the compression flange occurs.
The stresses in a significant portion of the web between the neutral
axis and the compression flange are essentially zero while the compression
flange and a portion of the web adjacent to it carry a stress which
exceeds that predicted by beam theory. This stress redistribution has
been observed in a number of other test girders 5 and may be considered
typical of transversely stiffened, slender web plate girders.
Because of the stress redistribution described above, Basler and
Thurlimann reasoned that the bending strength of a plate girder is
governed by the strength of the compression flange acting with a
portion of the web as a column. 7 It was assumed that the bending
strength would be reached as a result of yielding or instability of
the "compression flange column". Three types-- of instability were
considered; lateral buckling, torsional buckling and vertical buckling,
the directions of which are indicated by the arrows in Fig. 27. A
flange stress reduction formula was also derived to compensate for the
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increase in compression flange stress above the beam theory stress.
In the following section, the bending ~trength theory, which was
proposed for transversely stiffened plate girders, will be reviewed
and discussed. The effect of a longitudinal stiffener on web
deflections and stress distribution in the web will then be examined
in Beet. 2.3, leading to the development of a ~ethod of predicting
the bending strength of longitudinally stiffened plate girders.
Theoretical predictions will be compared with the results of tests
on eight longitudinally stiffened girders .
•304.6
3.2 .Reviewof Bending Strength Theory for Transversely~Stiffened
Plate Girders
The theory which is reviewed and discussed in this section was
presented by Basler and Thurlimann in Ref. 7.
Compression, Flange Stability
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The first of three compression flange column buckling modes to be
reviewed is the lateral buckling mode (see Fig. 27). In deriving
lateral buckling formulas for plate girders, it was shown that the
contribution of St. Venant torsion to the resistance against lateral
buckling is small and that warping torsion is the dominant factor.
By neglecting St. Venant torsion, a simple and slightly conservative
estimate of the lateral buckling stress was obtained.
where
,(:cr) =
. y
£
1
"2
k
£
(3.1)
~ is the effective unsupported length, r is the radius of gyration of
the compression flange column and € is the yield strain. In they
derivation of Eq. 3.1, it was shown that one-sixth of the area of the
web~ acts with the compression flange, therefore the radius of
gyration is given by r = /Ifl (A
f
+ Aw/6)', where If and Af are the
moment of inertia and the area of the compression flange, respectively.
Eq. 3.1 is only applicable in the elastic range, A. > /2'. It was ~:\,
.{
suggested by Basler and Thnrlimann that CRC Basic Column Formula be
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used in the inelastic range, with the compressive residual stiess
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taken to be 0 /2'(A =;2),
y t
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, 2
1 - !::.L.
4
for 0 :5 A ~ fi
D
"
(3.2)
Eqs. 3.1 and 3.2, which give the lateral buckling stress of the
compression flange column of a plate girder subjected to pure bending,
are plotted in ,Fig. 28.
The compression flange buckling mode referred to by Basler and
Thurlimann.as torsional buckling is commonly called local buckling in
23beam and column analysis. By considering the compression flange as
a long plate hinged at the flange-web junction and subjected to pure
edge compression at its ends (Fig. 29), the torsional buckling curve
shown in Fig. 30 was obtained. In the inelastic range, it was assumed
that the magnitude of the compressive residual stress is (J /2, (A =12) ,y t
that strain-hardening commences at A = 0.45 and that the transitiont
curve is tangent to the curves at these two points. The equations of
the torsional buckling curve are then
. and
(:~r)
t
1.36
1 - 0.53 (At - 0.45) for 0.45 ~ At ~ 12 (3.3)
C;r)
t
1
'A 2
t
for (3.4)
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where A = 1.61 ~, c is one half the width of the compression
t y
flange and d is the thickness of the compression .flange.
Vertical movement of the compression flange is resisted by the
bending rigidity of the flange plate and by the restraint offered to
the flange by the web. A sudden movement of the flange into the web
is referred to as vertical buckling of the compression flange. The
appearance of a test girder after vertical buckling has occurred is
-29
shown in .Fig. 31, taken from Ref. 5. Basler and Thurlimannneglected
the flange Jigidity and, by equating the transverse flange force
components which result from curvature due to bending to the Euler
buckling load of a transverse strip of the web, derived an expression
for the limiting web slenderness ratio (8 = bit) below which vertical
buckling would not be expected to occur prior to compression flange
yielding. This limiting slenderness ratio, given in Eq. 3.5, varies
with the yield point of the flange material and the magnitude of the
tensile residual stresses at the flange-web junction (0 ).
r
0.48E
Ii; (0 +(J )
. Y Y r
Ultimate Bending Moment
(3.5)
The ultimate bending moment, defined as the highest static moment
which a girder section can resist, is in some way related to the web
slenderness ratio 8' In g~rders with high web slenderness ratios,
large lateral deflections will develop in the compression zone of the
web, resulting in.a redistribution of stress fro.m.:the .web :tothe
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compression flange (Sect. 3.1). The stresses in the compression flange
and a portion of the web adjacent to the compression flange can then
exceed the values predicted by the beam theory formula 0 = My/I, where
y' is the distance from the neutral axis to the fiber for which the
stress 0 is being calculated and I is the moment of inertia of the
entire girder section. As the web slenderness ratio is increased,
this stress redistribution becomes more prorounced, or, stated in a
",/
different way, a smaller pprtion of the web is effective in resisting
bending, stresses with the compression flange. For the lim~ting case
of ~ = 00 , only the compression flange would be available to resist
compressive bending stresses. For stocky webs, that is, for webs with
low slenderness ratios, no stress redistribution will occur. At some
lower limit of S' the stresses in the web between the neutral axis and
the compression flange will reach the yield point 0 y ' that is, the full
plastic moment M of the section will be developed.p
In the following development, the ultimate bending momentM , will
u
be nonl-dimensionalized by the yielcLmomentM , which is defined as they
moment required to initiate yielding in the compression flange, M =
y
0y/S. The general relationship between the ultimate bending moment and
the web slenderness ratio can be summarized as follows:
For
.~ :i.s = ~A' =M M
Y Y
For SA :5 ~ :::;; "0'
'~ ~ l'>-;;::M -M ,
Y Y
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F Mu = l'or S = S
. 0' M '
Y
For S > ~ ,
o
M
..~ < 1
M
Y
SA is defined as the highest slenderness ratio for whichMp can be
developed and B
o
is the highest slenderness ratio for which a linear
stress distribution can be developed according to beam theory.
Basler and Thur1imann further defined 13 as the slenderness ratio
o
at which, according to plate buckling theory, web buckling would occur
be 53 for structural carbon steel.
Based on Fig. 8 of.Ref. 24, 13 was taken to
A
It was also proposed that, at the
when the applied moment reached M. This slenderness ratio was
y
= 5.7 ~' which gives So = 170 for s~~uctura1 carboniexpressed as S
. 0
steel with cr = 33 ksi.
y
maximum slenderness ratio permitted by Eq. 3.5, a girder section
consisting of the portion on the tension side of the neutral axis plus
the compression flange acting with an effective width of the web equal
to 30 times the web thickness should be considered available to resist
bending moment. From Eq. 3.5, assuming 0 = 33 ksi and cr
y r
the corresponding value of slenderness ratio is S = 360.
B
16.5 k£i,
The ratio M/M is plotted against the web slenderness ratio in
u y
.Fig. 32. Ascexp1ained above, for cr = 33 ksi, M
. y u
M
u My at So = 170 and Mu ~My of the reduced section at SB 360.
The corresponding bending stress distributions are indicated in circles
in the figure. The numerical values ofM 1M at Q and Q depend on the
u y ~A ~B
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area ratio p = Aw/A f . .Since a curve passing through the plotted
points in Fig. 32 is essentially a straight line, Basler and
Thurlimann assumed that the following linear M 1M vs. ~ relationship
u y
would apply,
M
u
M
Y
1 - 0.0005 P (S - 5.7//62)y (3.6)
•
Eq. 3.6 is plotted in Fig. 33 for various values of p.
The influence of lateral or torsional buckling of the compression
flange on the ultimate bending moment is incorporated in Eq. 3.6
simply by replacingM by the respective critical moment M Since
y cr
the stresses are related to moments by the expression cr = MIS, the
equation for ultimate bending .stress becomes
cr
u
cr [1 - 0.0005 P(S - 5.7~~
cr crJ
(3.7)
A reduction in the ultimate bending stress cr is required only when
u
s > 5.7 ~; the reduction as a percentage of the critical stress
cr
(;'1 is 0.05 P (S - 5.7 .fEiO').
cr cr
Discussion
In analyzing the stability of the compression flange column, it is
unconservative to treat torsional buckling independently of lateral
7
buckling, as Bas ler and Thurlimann pointed out. ..However, the
conservative assumption that the restraint of the web on the flange
can be neglected in the torsional buckling analysis compensates to
Some extent for .the tinconservative ·separate treatment of the two
•*
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buckling modes. The assumption that the contribution of St. Venant
torsion to lateral buckling strength can be neglected is also on the
conservative side.
The lateral and torsional buckling stress formulas (Eqs. 3.1-3.4)
can only be checked experimentally in conjunction with the flange
stress reduction formula (Eq. 3.7) since most of the available test
results have web slenderness ratios which.are high enough to require
a reduction in the ultimate bending stress. The pertinent parameters,
theoretical predictions and test results for nine bending tests on five
transversely stiffened, structural carbon steel plate girders are
summarized in Table 5. A detailed description of the tests is given
in Ref. 5 while the computation of the theoretical predictions is
given in Ref. 1. In only one test (Gl-Tl) is torsional buckling the
predicted failure mode, and in this case the buckling stress calculated
from Eq. 3.3 is low enough that there is no need for a reduction in
flange stress according to Eq. 3.7. For this test the predicted
ex th
torsional buckling stress was conservative, P --IP-., = 1.11. In
u u
another test (G2-T2), the predicted failure mode could be either lateral
or torsional buckling, according to Eqs. 3.2 and 3.3. For all of the
other tests, lateral buckling is the controlling factor in the
prediction of ultimate loads. (Girders G3 and G5 had tubular compres-
sion flanges, thus torsional buckling would not be considered as a
possible failure mode~,) The correlation between experimental and
theoretical ultimate loads is generally quite good, with the theory
being somewhat conservative in most cases. Based on these results; it
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can be tentatively concluded that the buckling stress formulas
(Eqs. 3.1-3.4) along with the flange stress reduction formula
(Eq. 3.7) provide an effective means of estimating the benging
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strength of transversely stiffened plate girders. The applicability
of these formulas will be further checked inSect. 3.3 for longi-
tudinally stiffened plate girders.
It is somewhat more difficult to verify the vertical buckling
theory represented by Eq. 3.5, because the equation does not provide
a means of predicting the stress at which vertical buckling should
occur. However, the limiting web slenderness ratio ~ given by the
max
equation agrees fairly well with the te~t results in Table 5. Of the
specimens which had a compression flange consisting of a rectangular
plate, one had a slenderness ratio larger than the limiting value
according to Eq. 3.5 (Girder G4, S = 388). The vertical buckling mode
of failure was observed in this girder (see Fig. 31) . In tests on two
other girders having slenderness ratios less than the limiting value
~c~ording to Eq. 3.5 (Girders Gl and G2, e = 185), vertical buckling
dfthecompress~on flange did not occur.
An examina:tion of the results of the five bending tes ts described
in Chapter 2 will be helpful in further discussing the vertical buckling
problem. Since one of the original objectives of this test series was
to investigate the effect of a.longitudinal stiffener in increasing the
resistance of the web to vertical buckling, the compression flange was
designed so that neither local nor lateral buckling would occur prior
to compression flange yielding. With web slenderness ratios between
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444 and 447 (see Table 1), vertical buckling would surely be expected
according to Eq. 3.5, especially in, specimen LBl which had no longi-
tudinal stiffener. The results of the tests pertinent to this
discussion of vertical buckling can be summarized as follows:
1) In each test, the ultimate load was reached as a
result of general yielding of the compression flange.
2) The axial strain measured in the extreme fibers of
the compression flange at ultimate load exceeded the
yield strain in each test. Visual observations indi-
cated that the compression flange was completely
yielded at ultimate loads (see Figs. 12 and 15).
3) Vertical buckling of the compression flange was
observed in two tests (LB2 and LB4). In both cases
testing was continued well beyond ultimate load before
vertical buckling occurred (see Fig. 9, for example) .
. A photograph of specimen LB4 ·after failure is shown
in Fig. 16.
The test results described above seem to contradict the vertical
buckling theory ~epresented by Eq. ,3.5. However, this is not neces~
sarily the case. .Since it was assumed that the bend ing rigidity of
the compression flange plate could be neglected in .deriving Eq. 3.5,
the equation can only predict a value of the slenderness ratio for
which the resistance of the web to vertical buckling becomes negligible .
While it is true that the additional resistance to vertical buckling
provided by the bending rigidity of the compression flange will
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normally be very small, some bending rigidity will exist until the
fla~ge is completely yielded due to the bending moment acting on the
girder. The photographs ~n Figs. 16 and 31 also indicate that the
compression flange must be completely yielded for vertical buckling
to occur; compression flange deformations of the magnitude shown in
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these figures could not occur in a steel plate without plastic hinges
being developed.
Two conditions must be fulfilled before vertical buckling of the
compression flange can occur: (1) the web must be slender enough to
permit large lateral web deflections to develop so that the resistance
to vertical buckling becomes negligible; (2) the compression flange
must be completely yielded so that its bending rigidity also becomes
negligible. According to the bending strength theory represented by
Eq. 3.7, however, the ultimate bending moment which a girder section
can sustain will be reached before the above condition (2) is ful-
filled. It appears, therefore, that vertical buckling of the compres-
sion flange can only occur after the ultimate bending moment has been
attained.
In view of the above conclusion, the ultima~e~bBnding strength
theory previously reviewed must be reexamined. One of the points used
to determine the bending strength reduction curve was derived using
the vertical buckling analysis (Fig. 32, S = 360). However, since
B
the other two points at S = 53 and ~ = 170 in Fig. 32 were deter-
A 0
m~ned independently of the vertical buckling analysis, and since the
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reduction curve is a straight line through these two points, the
reduction formula of Eq. 3.7 could still be used, and it could also
be extended beyond S = 360. This is partially verified by the test
-37
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on specimen LB1, described in Chapter 2. The ultimate load predicted
for this specimen, which had a slenderness ratio of 444, was 156.4
kips. A flange stress reduction of 10.7%, according to Eq. 3.7, was
used in calculating this theoretical ultimate load. The experimentally
obtained ultimate load was 156.5 kips, almost exactly the value
predicted. The applicability of Eq. 3.7 to girders with slenderness
ratios above 360 will be further substantiated with the results of
four other tests in Sect. 3.3.
Summary
The behavior of a transversely stiffened plate girder subjected to
pure bending can be described schematically with the M/M versus vy J,),
curve of Fig. 34. If the lateral or torsional buckling stress cr is
cr
less than the yield point, the moment-deflection curve will be similar
to curve A in the figure. However, if cr ~ cr , behavior similar to
cr y
curve B would result, where the ultimate moment is reached due to
compression flange yielding. In this case, failure will occur after
the ultimate moment has been attained due to lateral, torsional or
vertical buckling of the compression flange (curves C or D, for example) .
Based on the review of the bending strength theory for trans-
versely stiffened ~late g{rders in this section, it is concluded that
the formulas for lateral and torsional buckling stresses (Eqs. 3.1-3.4)
provide a good approximation of actual girder behavior. The restriction
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on maximum web slenderness ratio (Eq. 3.5), based on a vertical
buckling analysis, appears to be an unnecessary one since vertical
buckling can only be expected to occur after the ultimate moment has
attained. Therefore, it is suggested that the flange stress
reduction formula (Eq. 3.7) can be applied to plate girders with
slenderness ratios greater than 360. This formula has been checked
experimentally only for slenderness ratios up to 450, however.
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3.3 Influence of Longitudinal Stiffeners on Bending Strength
Compression Flange Stability
Compression flange instability in the form of lateral or
torsional buckling may be the factor which limits the bending
strength of a plate girder. The torsional buckling of the compression
flange is a function only of the compression flange dimensions and
material properties a~cording to Eqs. 3.3 and 3.4. The effect of web
c;
restraint, which was neglected in deriving these equations is
23
negligible. Therefore, there is no possibility that a longitudinal
stiffener: will significantly increase the stress at which torsional
buckling of the compression flange will occur. Lateral buckling of the
compression flange is a function of the effective length, the material
properties and the radius of gyration 'of the compression flange column
according to Eqs. 3.1 and 3.2. Assuming that a longitudinal stiffener
is located close enough to the compression flange to act with the
flange in resisting lateral buckling, the effect of the stiffener on
the lateral buckling stress of the compression flange column ,will now
be explored.
Consider the three cases of Fig. 35, where the thickness of the
web is assumed to be zero. The radius of gyration for each of the
three sections is listed below.
Case I
Case II
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Case III r
3
c
/3'
(~)2 As2 + c Af
A
s
2 +-Af
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For a longitudinal stiffener to have a beneficial effect on the lateral
buckling stress of the compression flange column, the radius of
gyration of the column with a stiffener must be larger than that of
the column without a stiffener. An examination of the cases listed
above shows that for C
s
< c, r l is greater than r 2 and r 3
; for C
s
c, r
l
= r
2
= r
3
and for C
s
> c, r 2 and r 3
are greater than r
l
. Thus,
only when the width of a longitudinal stiffener exceeds the half-width
of the compression flange can the stiffener increase the lateral
buckling stress of the compression flange column. An increase in the
size of the compression flange itself would obviously be a more
economical way, to increase the lateral buckling strength. Thus, it
can be concluded that lateral and torsional buckling strength are not
affected by a longitudinal stiffener.
Control of Web Deflections and Stress Redistribution
One possible way in which a longitudinal stiffener could influence
the bending strength of a plate girder can be investigated with the aid
of the web deflection and stress distribution data of Fig. 36. Test
specimen LB3, from which the data was obtained, has already been
described in Sect. 2.1 and some of the data in Fig. 36 has been
\
plotted in Figs. 11 and 14.
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The measured lateral web deflections for four different loads are
plotted in Fig. 36a. In comparing these web deflections with those
plotted in Fig. 26a, a number of differences are apparent. The web
of specimen LB3 was initially deformed in a single wave pattern
while specimen LBl (Fig. 26a) had an initial deflected configuration
with two waves. The maximum initial deflection in the web of LB3
waS almost double the web thickness compared with a maximum initial
deflection of about one and a half times the thickness for LB1. The
magnitude and pattern of initial web deflections are to a large
extent random, but are influenced to some extent by the amount of
heat input during welding and by the welding sequence. The most
significant difference between the two girders is the extent of the
increase in web deflections due to the applied loads. The maximum
increase in deflection at a load of 120 kips for LBl was 275% while
the maximum increase for LB3 at the same load was only about 45%.
This resulted from the fact that in specimen LB3 web deflection growth
under load was controlled by the longitudinal stiffener.
Further information on the influence of a longitudinal stiffener
on bending strength can be obtained from a comparison of the stress
distributions in specimen LB3 (Fig. 36b) and LBl (Fig. 26b). Although
the large initial web deflections of LB3 caused the web membrane
stresses to deviate some~hat from beam theory (indicated by l~ght
lines in the figure), a redistribution of stress from the web to the
compression flange of the type shown in Fig. 26b for specimen LBl did
not occur in specimen .LB3. Beam theory could be used to predict the
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compression flange stresses inLB3 very accurately for the loads
shown in Fig. 36a. Since the two girders were identical in every
respect except for the presence of a longitudinal stiffener in
specimen LB3, the stiffener must be credited with preventing an
extensive stress redistribution.
Ultimate Bending Strength
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In the above discussion it has been shown that when\a longitudinal
stiffener is effective in controlling lateral web deflections, stress
redistribution from the web to the compression flange is also
controlled or prevented. A linear stress distribution in the girder
section results and beam theory can then be used to predict the
compression flange stresses. If this type of behavior can be maintained
until the ultimate bending moment is reached, the longitudinal stiffener
will have a significant and beneficial effect on the bending strength.
Since no stress redistribution will occur, a reduction in the ultimate
bending stress is not required, and the simple expression
c:l'u = crc r (3 .8)
can be used to compute the ultimate bending stress. (In this equation
c:l'cr is the buckling stress for lateral or torsional buckling from
Eqs. 3.1-3.4, whichever is lower») A longitudinal stiffener should
be properly positioned and adequately proportioned so that the
ultimate bending stress can be computed according to Eq. 3.8.
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Longitudinal Stiffener Requirements
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In order for a longitudinal stiffener to control web deflections
and prevent stress redistribution fit"om the web to the compression
flange, it obviously must be located somewhere between the neutral
axis and the compression flange. Although plate girder bending
strength is not directly related to web buckling strength (Sect. 2.2),
the control of lateral web deflections by means of a longitudinal
stiffener is similar to the problem of increasing web buckling
strength by forcing a nodal line in the deflection pattern of the
web. Thus, it is assumed that the optimum stiffener position from a
web buckling viewpoint is also the most effective position for
controlling web deflections. An analysis of the stability of a
longitudinally stiffened web panel subjected to pure bending has
shown that the optimum stiffener position is between ~l = 0.2 and ~l
0.22, depending on the degree of restraint offered to the web by the
25
flanges. The web deflections of specimen LB3 (Fig. 36), aa well as
h f h h h d b d · S 2.2,19 f't ose 0 ,,: t e ot er ,t ree specimens escri e ~n, ec t. can ~rm
,that the one-fifth depth position (~l = 0.2) is effective in
controlling web deflections to the extent that the stress distribution
in the web remains essentially linear. The longitudinal stiffener
position ~l = 1/5 will be adopted in the folloWing discussion. It
should be noted that if extremely high web slenderness ratios are
used (say S » 450), a single longitudinal stiffener will not be
adequate to control web deflections in the entire region between the
neutral axis and th,e compression flange. The problem of pbsitioning
and proportioning multiple longitudinal stiffeners is beyond the scope
df this report, however.
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In addition to the location requirement, an effective longitu-
dinal stiffener must be proportioned So that it will control web
deflections and stress redistribution for loads up to the ultimate
-44
load. The ratio of the width of the stiffener plate c to its
s
thickness d must be kept low enough to avoid premature local
_ s
buckling of the stiffener. An example of such premature local
buckling in a test girder is shown in Fig. 12. When the local
buckling shown in the figure occurred in specimenLB3, the lateral
web deflections became large enQugh to result in a significant
stress redistribution from the web to the compression flange. (See
the P vs. w curves in Fig. 11 and the stress distribution plotted
for load No. 20 in Fig. 14). If it is conservatively required that
the stiffener stress reach -the yield point before local buckling
occurs and if the restraint offered to the stiffener by the web is
neglected, the limiting width-thickness ratio for the stiffener plate
. 26
~s
c /d ~ 2400/~y
s s
(3.9)
where cr is the yield point of the stiffener material. For structuraly
carbon steel with cr = 36 ksi, (c /d) = 13.y s s max
With regard to longitudinal stiffener rigidity, two requirements
are suggested. The first is that the stiffener possess the minimum
rigidity required to form a nodal line in the deflected web up to the
theoretical web buckling load (elastic}. Based on a buckling analysis
of a plate with a longittidinal stiffener at ~l = 1/5 and subjected to
pure bending, at least two formulas for minimum stiffener rigidity are
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. 15 27 15ava~lable.' The formula proposed by Massonnet is the simpler
one and will be adopted in this work. In the formula, g',:i:ven below,
the required stiffener rigidity ratio YL* is expressed as a function
of the aspect ratio a and the stiffener area ratio C = A /AL s w
-45
(3.10)
where y* is defined as I /1 and I , the moment of inertia of the web,L L w . w .
is defined by I = bt3
w 1-2(1 _,/)'
Above the theoretical web buckling load, the stiffener should
possess sufficient rigidity to control web deflections up to the
ultimate load. A convenient method of 'ensuring that this is the case
I
is by considering the stability of the stiffener acting with ~ po~tion
of the web as a column in a manner analogous to the compressi~n flange
column discussed in.Sect. 3.2. Such a column is shown in,Fig. 37a,
along with the compression flange column and the linear stress'
distribution assumed for the girder section. Neglecting the thickness
of the compression flange, the requirement for the lateral buckling
stress of the longitudinal stiffener column is
(3.11)
for ~ = 1/5, where (G /G) is the lateral buckling stress of the
'll cr y ~
compression flange column according to Eqs. 3.1 and 3.2. Eq. 3.11
ensures that .the longitudinal stiffener column will not fail prior to
the compression:,_flange column. In Fig. 37b, this requirement is shown
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graphically.
by
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The stiffener column slenderness parameter A is given
ts
(3.12)
(Separation of the two longitudinal stiffener functions is based on
the assumption that the web slenderness ratio is high enough that the
stiffened web plate buckles elastically before the longitudinal
stiffener column buckles!)
The section to be used in computing I and r is ye t to be ·defined 0
L L
It is customary to calculate the moment~of:inertia of unsYmmetrical
(one-sided) stiffeners with respect to an axis through the web-stiffener
11
interface. In a number of tests where strain measurements were made
to determine the width of the web plate which participates in the
transverse bending of a longitudinal stiffener, it was determined that
28
the mean effective width is 20t. The moment of inertia I calculated
s
using the conventional method is greatly exaggerated compared with the
value obtained using an effective width of the web with the stiffener.
The. stiffener section properties I
L
, A and r to be used in Eqs.
sL . L
3.10-3.12 should be computed for a section consisting of the stiffener
plate and 20t of the web.
It should be noted that if a longitudinal stiftener fails to
fulfill the proportioning requirements given by Eqs. 3.9-3.11, there
is no justification in assuming that a stress redistribution from the
.web to the compression flange will be prevented and that' the ultimate
bending stress can be computed according to Eq. 3.8. In the case of
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an inadequately proportioned stiffener, the ultimate bending stress
should be calculated from Eq. 3.7, which is primarily intended for
transversely stiffened plate girders. This will be verified experi-
mentally in the discussion of "Correlation with Test Results".
Transverse Stiffener Requirements
A longitudinal stiffener, in performing its role of controlling
web deflections, will subject the transverse stiffeners to concen-
trated forces at the intersection of the two stiffeners. If the
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longitudinal stiffener were removed from the web, the deflected shape
of the web would approximate a sine curve b~tween transverse stif~
feners. Therefore, it will be assumed that the longitudinal
stiffener is subjected to a sinusoidal load by the web, as shown in
Fig. 38a. The reactions at the ends of the stiffener are R = pain
o
The
2 2
and the moment at midspan is M = P a In. If it is conservatively
L 0
required that the be~ding stress in the longitudinal stiffener reach
2 2the yield point, the corresponding value of Po is Po = 0
y
SL n la ,
where S is the section modulus of the longitudinal stiffener.
L
A transverse stiffener, at its intersection with the longitudinal
stiffener, will be subjected to a concentrated force 2R from the two
adjacent longitudinal stiffener spans (Fig. 38b). Using ~l = liS for
the position of the longitudinal stiffener, the maximum moment in the
transverse stiffener can be determined as M
T
= 8 n 0ySL/25a.
maximum bending stress in the transverse stiffener is permitted to
reach a , resulting in the expression S
y T
= fur
25 where ·ST is the
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required section modulus of the transverse stiffener. Since the
fraction 8n/25 is very close to unity, the simple formula
S ~ S 10(T L
is ob~ained for the required section modulus of the transverse
stiffener.
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(3.13)
Due to the conservative assumptions made in the above derivation,
Eq. 3.13 will result in.a conservative design. However, the resulting
transverse stiffeners will normally not have to be larger than they
would be if designed by other available c~iteria. If a longitudinal
stiffener exceeds its minimum rigidity requirements, the value of ST
required by Eq. 3.13 can be reduced by multiplying it by the ratio of
the required longitudinal stiffener rigidity to the rigidity actually
supplied.
Correlation.With Test Results
Two series of tests are available to subs,tantiate the expressions
which have been developed in this section for co~puting the bending
strength of longitudinally stiffened plate girders and for proportion-
ing the stiffeners of these girders. The first series has been
described in Sect. 2.2. The principal specimen parameters, the
stiffener properties and the correlation of the test results with
theory are summarized in Table 6. For each of the four specimens,
the longitudinal stiffener width-thickness ratio exceeded the maximum
value of 13 permitted by Eq. 3.9. In the case of Specimen LS4, neither
of the longitudinal stiffener J;igidity requirements given by Eqs. 3.10
listed at the bottom of Table 6.
the experimentally obtained loads
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*and 3.11 were fulfilled either. Therefore, the ultimate bending
stress has been co~puted using Eq. 3.7. The resulting flange stress
reduction varied from 10.5 to 10.7% for the four specimens. The
theoretical ultimate loads P th
u '
ex ex/ th .P and the P P rat~os are
u . u u
The excellent correlation between theory and test results confirms
-49
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the applicability of Eq. 3.7 to girders with inadequately proportioned
longitudinal stiffeners and provides further evidence that this
equation can be successfully used for slenderness ratios up to 450,
as tentatively concluded in,Sect. 3.2.
The second series of tests, performed by Longbottom and Heyman, is
described in detail in Ref. 18. The test setup and dimensions of the
component plates in the test section of the four specimens are shown in
Fig. 39, while the girder parameters, stiffener properties and test
results are summarized in Table 6. All of the girders in this series
had longitudinal stiffeners of sufficient proportions_to fulfill the
requirements of Eqs. 3.9-3.11. In addition, girders E and 4 both had
a second longitudinal stiffener located at mid depth (~2 1/2) which
wa~"ri.oh;considered in calculating the values in Table 6. Since the
longitudinal stiffener requirements were fulfilled, the reduction in
ultimate bending stress listed in parentheses in the table for each
th
of the four girders was not used in calculating P it is listed so
u
* The test specimens were designed before the longitudinal stiffener
requirements presented in this Chapter had been developed; there-
fore, the proportions of the longitudinal stiffeners were based on
other considerations. 19
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that the magnitude of the increase in bending strength due to the
longitudinal stiffener can be noted. The correlation of the experi-
mental results with theory is very good, a~d indicates that when a
properly proportioned longitudinal stiffener is used, Eq. 3.8 provides
a reliable estimate of the bending strength .. Since all of the girders
failed by lateral buckling of the compression flange, further confir-
mation of the formula for lateral buckling stress (Eq. 3.2) was also
obtained.
Summary
.A method of predicting the bending strength of longitudinally stif-
fened plate girders has been presented in this section, along with
requirements for proportioning both longitudinal and transverse stif-
feners. The results of bending tests on eight longitudinally stiffened
girders have been summarized, showing that if the longitudinal stiffeners
do not fulfill the requirements, a reduction in the ultimate bending
stress must be used. It has also been shown that if properly propor-
tioned longitudinal stiffeners are provided, a significant increase in
bending strength can result.
..
.
..
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Chapter 4
.SHEAR STRENGTH
4.1 Introduction
The type of shear panel which will be discussed in this chapter
is shown in,Fig. 40. The panel consists of a rectangular portion of
. the web bounded by the flanges and transverse stiffeners. It will be
assumed that the moment present on any section in the panel is small
so that the shear strength of the panel can be studied ind~pendently.
It has been well established that plate buckling theory is not
adequate to predict the shear strength of a transversely stiffened
plate girder ppnel. Test results iQdicate tha~ the ultimate shear
force .which a panel can sustain is considerably higher than the critical
shear force calculated according to buckling theory. For one series of
An element subjected to pure shearing stresses T is shown at the
left of Fig. 4la. These stresses correspond to the principal stresses
shown at the right of the figure, where the tensile principal stress
(J is numerically equal to both the compressive principal stress (J
1 2
and the shear stress T' The state of stress shown in Fig. 4la is the type
usually assumed it:Lbeam theory; in the following discussion it will
be referred to as "beam action· shear". As the shear force ona plate
girder ppnel is increased, it will reach a stage where.the compressive
- 51 -
•.
•
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stress cr can no longer increase because the web deflects laterally .
2
For an ideal panel which is initially perfectly plane, this stage
occurs when the shear force reaches the critical value predicted by
plate buckling theory. The stress in the direction of the tension
diagonal continues to increase as the applied shear force increases
beyond the critical shear force. A field of tensile stresses cr of
t
the type shown on the element in Fig. 4lb develops and is the source
-52
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of the post-buckling shear strength of the panel. This state of stress
is termed "tension field action shear".
The ultimate shear strength of a panel is the sum of the beam
action and tension field action shear forces and will be reached when
the combination of the two states of st~ess shown in Fig . 41 fulfills
the yield condition. Tension field action can develop only if the
panel framing members, that is, the flanges and transverse stiffeners,
which serve to anchor the tension field stresses, have sufficient
strength and rigidity. After the static ultimate shear force is
reached, the p~nel yields and large shear deformations result. Final
failure occurs when these shear deformations become so pronounced that
one of the flanges bends into the web. This process can be traced on
the load-deflection curve for test girder LS2 in Fig. 18, where a
substantial yield plateau was obtained before unloading and failure
occurred. The:extent Jof .thei:shear deformations in this girder is
evident in Fig. 24.
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In 1961, Basler presented a shear strength theory for plate
8
girders which incorporated both beam action and tension field action.
A number of tests of full size girders have demonstrated that this
theory can be used successfully to approximate the shear strength of
5,29
transversely stiffened plate girders. In the following section,
Basler's shear strength theory will be reviewed and discussed. This
theory will be used as a basis for developing a method of predicting
the shear strength of longitudinally stiffened plate girders in
Sect. 4.3. The applicability of the method will be checked with the
results of seven shear tests on longitudinally stiffened plate girders. 20
-.
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4.2 Review of Shear Strength Theory For Transversely. Stiffened
Plate Girders
-54
The shear strength theory which is reviewed and discussed in this
section was developed by Basler in Ref. 8.
Tension Field Action and the Ultimate Shear Force
One of the basic assumptions made in developing the shear strength
theory was that externally applied shear forces are resisted by beam
.action, or pure shear, (Fig. 4la) up to the theoretical web buckling
stress, and that any additional applied shear forces are resisted by
tension field action (Fig. 4lb). It was further assumed that the
ultimate shear force V is equal to the sum of the beam action contri-
u
bution V and the tension field action contribution V :
T a
V
u
(4.1)
Defined as the shear force carried by the web at the theoretical
web buckling stress, the beam action contribution is given by
V = AT Tcr w'
where the critical shear stress is
(4.2)
'T"
cr
2 )=k TIE.!.
12(1 - }) (b· (4.3)
The buckling coefficient k for a simply supported plate subjected to
pure shear is a function of the. aspect ratio. According to Ref. 30,
the k - values obtained from a buckling analysis can be closely approxi-
mated by the following relationships (pilate with simply supported bound-
aries) 2 }'. k 4.00 + 5.34/ex for 1,, ex $2 (4.4)
and k 5.34 + 4.00/ex , for ex 2: 1.
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Since some restraint will always be exerted on the web by the .flanges
~nd the web in adjacent panels, it is conservative to use the buckling
coefficient for a simply supported plate.
The type of tension fie14 used by Basler to determine the tension
field action contribution to the ultimate shear force is shown in Fig.
42a. Assuming that the flanges of a conventional welded plate girder
do not have sufficient bending rigidity in the plane of the web to
resist vertical stresses at the flange-to-web junction, the transverse
stiffeners were relied upon to resist the vertical components of the
tension field stress ~
t
The horizontal components were assumed to be
•
anchored by the adjacent panels. To determine the slope ~ of the field,
it is noted that the strip is capable of carrying a shear force equal
to ~t·s·t·sin ~, where s, the width of the strip, is equal to b·cos ~ -
a·sin f' Differentiating this shear force with respect to the angle ~
and setting the resulting expression equal to zero, the optimum value
of ~ for the assumed field is found to be
-1 j. 2'
• = tan (1 + a - a). (4.5)
The tension field contribution was evaluated using the free-body
diagram in Fig. 42b. The total tension field force acting at the angle
~ with the horizontal is ~t·t·a·sin~. The change in flange fqrce 6Ff
is determined by summation of forces in the horizontal direction and is
equal to crt·t·a·sin ~·cos~. Finally, by summation of moments about
point! 0, the total shear force Vcr is b·6Ff/2. When the value of 6Ff
given above ts substituted in this expression aiong with the value of ~
from Eq. 4.·5, Basler'~ equation for the contribution of tension field
action to the ultimate shear force· is obtained"
.304.6
v =
0' _ ! 2
2/1+0'
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(4.6)
Substituting Eqs. 4.2 and 4.6 into Eq. 4.1, the ultimate shear
force is found to be
(4.7)
where A = b·t, the area of the web. It is convenient to non-dimension-
w
alize Eq. 4.7 by dividing by the plastic shear force V ~ A , wherep y w
the shear yield stress is taken to be ~ = 0' /13 according to Mises'y y .
yield condition for plane stress. Carrying out this operation,
'T cr /3
-+2~y
0' t
O'y
1
2'
+ Ci
(4.8)
It was assumed by Basler that the ultimate shear strength would be
reached when the combination of beam action and tension field stresses
in the web fulfilled the yield condition. The approximate form of
7Mises' yield condition was used,
1 'Tcr (4.9)
The final form of the shear strength formula is obtained when Eq. 4.9
is inserted inEq. 4.8,
V fcr 1 - 'Tcr/'Tyu 3 (4.10)= +
11V 'T y 2
2'
p + Ci
! L,. ..... ,' :.i.
iii
.
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Two limitations were imposed on the shear strength formula to
account for the influence of strain hardening in panels with low
slenderness ratios. The first limitation was that the theoretical
buckling stress ,. computed fromEq. 4.3 is only considered to be
cr
an ideal value ,. when it exceeds the proportional limit (which is
cri
taken to be 0.8 ,. ). Based on a series of shear tests on girdersy
with web slenderness ratios between 50 and 70,31 Basler proposed an
-57
empirical formula for,. when,. . given by Eq. 4.3 exceeds 0.8 ,. :
cr crl. Y
,.
cr
= 10 .8,. (,. .>'.y crl. Thus, the follow~ng set of equations are used to
de te rmine,. / .cr ,.y .
,. = ,. , for ,. ~ 0.8,.
cr cri cri Y
= /0.8,. (,. .r,. , for ,. > 0.8,.
'.
cr Y cn, cri y
where ,. k JiE (~)2cri 212(1
- \! )
(4.11a)
(4.11b)
(4.11c)
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Eqs. 4.12 are shown graphically in Fig. 43. Since the ratio V Iv
• u P
is a function of a, S and the yield strain
€y' one variable has to be
kept constant on a two-dimensional plot. For Fig. 43, cr 36 ksi.y
(€ = 0.0012) and ultimate strength curves are shown for five values
y
of the aspect ratio a covering the practical range from a = 1/2 to
a = 3. There are two points of discontinuity on each of these curves:
the first, between V Iv = 0.85 and V Iv = 0.95, indicates the
u pup
transition fromEq. 4.11a to 4.11b (T IT = 0.8) and the second, at
cr y
V IV = 1.0, indicates the transition from Eq. 4.12a to 4.12b.
u P
Also plotted on Fig. 43 are a number of test points to show the
correlation between Basler's theory and test results. The principal
specimen parameters, the theoretical ultimate shear force and the experi-
ex
mentally measured ultimate shear force V for 22 tests are listed in
u
Table 7. The first 8 tests in the table are the girder tests which were
31
used to establish the empirical formula of Eq. 4.11b. The values of
the correlation ratio V ex;V th in the last column of the table range
u . u
from 0.95 to 1.07 for these tests, indicating that Eq. 4.11b provides
a good estimate of the shear strength in the strain hardening range for
girders with low slenderness ratios.
The 10 shear tests described in Parts 3 and 4 of Ref. 5 were struc-
tural carbon steel plate girder tests. Covering a wide range of aspect
..
ratios and slenderness ratios, these tests provide a means of checking
the accuracy of Eq. 4.11a in predicting ultimate shear strength. The
ex th
V Iv ratios for these tests indicate that correlation between
u u
i
.
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theory and tests can general+y be expected to be within 10% and that
Eq. 4.llb tends to be conservative for high aspect ratios (a = 3).
-59
these tests agree reasonably well with the
Eq. 4.lla to girders with an extreme value
Since a = 3 for this test,
In addition to the graphical representation of theory and test results
in Fig. 43, a simpler presentation can be made for the seven tests on
girders with a slenderness ratio of about 260. In Fig. 44, V Iv is
u p
plotted against the aspect ratio ~ for constant values of S = 260 and
o = 36 ksi. This figure further illustrates the accuracy of Eq. 4.lla
y
for the practical range 0.5 S a ~ 3.
The last four tests listed in Table 7 were structural alloy steel
girder tests which were conducted to determine the applicability of
29
of e. The resul ts ofy
theory except for Test Hl-
. ex th .Tl, wh~ch has a V IV rat~o of 1.33.
u u
the tendency for Eq. 4.lla to be conservative for high aspect ratios
seems to be more pronounced for constructional alloy steel girders than
it is for structural carbon steel girders.
Transverse Stiffener and End Panel Requirements
Transverse stiffeners perform two functions in developing the shear
strength of a plate girder panel; initially to preserve the shape of
the girders's cross section, and to ~ransfer the vertical components
of the tension field stresses from one end of the stiffener to the
other. The first requirement is a stiffness requirement. The, stiff-
ener: must be rigid enough to force a nodal line in the lateral web
deflection pattern ~t the stiffener location. The stiffener stiffness
,;
.
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requirements in design specifications which are based on buckling
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st~ength are intended to ensure that the required rigidity is provided.
Since the stiffener acts as a column in carrying the vertical
components of the tension field stresses (see Fig. 42a), the second
requirement is an area requirement. The axial force on the stiffener
F can be determined from a summation of forces in the vertical
s
direction on the free-body diagram in Fig. 42b, F
s
Substituting the value of if? from Eq. 4.5,
. 2
= (J ·t·a·s~n if?
t
F
s (4.13)
a
Dividing Eq. 4.13 by (J and using ,,·t from Eq. 4.9 leads to an expres-
y a
y
sion for the required stiffener area A ,which in non-dimensional
sT
form is
1 - "icr/"iy
2 D . (4.14)
•
Basler introduced the factor D in Eq. 4.14 to reflect the effi-
ciency of stiffeners furnished in pairs as opposed to one-sided stiff~
ene.~s~. A one-sided stiffener will be subjected to moment as well as
axial force since it will be loaded eccentrically. By allowing the one-
sided stiffener to become fully yielded under the combined moment and
axial force, and using the case of a pair of stiffeners as a reference
8(D = 1.0), it was determined that D = 2.4 for a one-sided stiffener .
.
.
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The horizontal components of the tension field stresses are
anchored by the adjacent panels (see Fig. 42a). In the case of an
end panel, however, no adjacent panel is available to perform this
function. Two methods can be used to provide anchorage for the
horizontal components. The first is to use an end plate which forms
a strong end post over the end support, as shown in Fig. 45. The
~
required area A for such an end plate can be estimated from '
e
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A
e
(V - VT)S
Be cry
where e is the width of the endpost (Fig. 45) and V is given by Eq.
T
4.2.
The alternative to providing an end post to anchor the horizontal
components of the tension field stresses in an end panel is to limit
the size of the end panel so that tension field action does not
develop. This can be accomplished by letting V = V and determining
u T
the corresponding maximum panel width a f~om Eqs. 4.2-4.4.
Discussion
•According to the assumptions made in deriving the shear strength
theory, the behavior of a plate girder panel subjected to shear can be
-described schematically by the plot of shear force versus panel
deformation 8 shown in Fig. 46a. The beam action shear force V
T
increases linearly to its maximum value while the tension field action
shear force remains .zero up to this point (8). Beyond 8 ,V ..Ii
T, ·T cr
increases linearly from zero to its maximum value while V rem?ins
T
304.6 -62
f.
constant. The ultimate shear force V is assumed to be the sum of the
u
•
V and V contributions.
,. cr
any unloading or eventual
Beyond ~ , the theory does not account for
cr
reduction below V . it is assumed that a~
u'
~ increases beyond ~ , V and V remain constant and therefore V
(J,. (J u
V + V also remains constant.
,. cr
Actual girder behavior is probably better described by the
schematic V vs. b plot of Fig. 46b.Due to the presence of initial
web deflections and residual stresses, tension field action contri-
butes to the ultimate shear force right from the beginning. As the
maximum value of V,. is approached, however, the participation of
tension field action increases. The ultimate shear force is approached
when yielding is initiated in· the web and as this yielding spreads,
V and V finally reach their maximum values. Beyond the first
(J u
attainment of V , there is no reason to believe that the magnitude of
u
..
either V or V changes significantly until the panel deformations
,. (J
become so severe that one of the panel boundary members fails,
causing a reduction in V and resulting in the unloading curve shown
0'
in the figure. Four of the tests described in Sect. 2.3 w~re continued
until tinloading and failure occurred (Tests LS1~T2~'LS2-Tl, LS3-T3 and
LS4-T2). In each of these tests the compression flange was the
boundary member which failed due to severe panel deformations. These
panel deformations and flange failures are evident in Figs. 7, 23, 24
and 25. The load versus centerline deflecti~n curves for these tests
(Figs. 17-20) are similar to the V curve in Fig. ~6b.
u
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The accuracy of the shear strength theory is not affected by the
differences between Figs. 46a and 46b since only the magnitude of V
u
is predicted by the theory. The assumed geometry of the tension
field, however, does have an effect on the accura~y~f the theory.
Gaylord has shown that the tension field contribution used by Basler
is actually that of a complete tension field acting at the angle ~
32given by Eq. 4.5. This result was obtained because. the forces Fw
and 1/2 V shown acting on the web in the free-body diagram of Fig. 42a(J
are equivalent to tension field stresses acting on the web. This can
be seen from Fig. 47, which is Qdentical to Fig. 42 except that a full
tension field is shown acting at the angie~. Summation of moments
about point 0 in Fig. 47b yields the same result as that obtained by
Basler from Fig. 42b. Thus two tension field models were used by
Basler: a partial fiead (Fig. 48a) to determine the angle ~ and a
,-' .
full field acting at the ang~e ~ (Fig. 48b) to determine the magnitude
of V(J
The contribution of the partial tension field of Fig. 48a to the
ultimate shear force can be evaluated using s = b.cos ~ -a.sin ~
and the value of ~ from Eq. 4.5:
(4.15)
The ratio of (V ) to (V ) , which is the tension field action contri-
cr p d B
bution derived by Basler and given by Eq. 4.6, is
2(V ) /(V(J)B' 1 + - Ci /1 +'Ci2' (4.16)(J p Ci
e,
.
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This ratio is plotted against the aspect ratio in Fig. 49. It can
-64
be seen from the
approaches 0.5.
..
figure that for high aspect ratios, (V ) I(v )
crp crB
Thus an ultimate shear strength formula using (V )
cr P
from Eq. 4.15 would be even more conservative than Eq. 4.10 and would
not give a satisfactory prediction of shear strength.
The most efficient tension field is one wtlichc.acts at ~ = 450
from the horizontal (Fig. 48c) since this field would yield the
maximum value of the tension field contribution: 8
(4.17)
The ratio of (V
cr
)450 to (V )
(J B
is
The ratio is also plotted in Fig. 49, indicating that an ultimate
(4.18)
shear strength formula using (Vcr) 450' from Eq. 4.17 would considerably
overestimate the shear strength of a panel for any practical value of a·
It is p~qbable thht the distribution of tension field stresses in
a real girder panel is actually more like that shown in Fig. 50.
Distributions similar to this have been measured in test girders.
The higher flexibility of the flanges relative to the webs of adjacent
panels in providing anchorage for the tension field would account for
this type of distribution. It is logical, therefore, to investigate a
partial width field acting along the panel diagonal as in Fig. 48d since
this type of field provides a reasonable approximation of the distri-
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bution.shown in Fig. 50. Basler showed in the Appendix to his paper
that a diagonal field having a width equal to b/2 gives a tension
-65
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field contribution (V ) which is identical to that given by Eq. 4.6,
cr D
(4.19)
•
•
•
The diagonal tension field with width b/2 is the most desirable
model of these pictured in Fig. 48 since it is reasonable approximation
of actual panel behavior and also leads to the shear strength formula
(Eq. 4.6) which gives the good correlation with test results shown in
Fig. 44. One possible difficulty with this model is that for very
close transverse stiffener spacing (~ < 0.58), an unconservative
estimate of shear strength results since the assumed field would
provide a tension field contribution greater than that of a complete
32field acting at the same angle. Judging by the values of the correla-
. . ex tht10n rat10 V IV in Table 7 for tests G6-T3 and H2-T2, this is not
u u
a serioys limitation.at a = 0.5. Since practical girders will not
normally have transverse stiffeners spaced closer than 1/2 of the web
depth (~< 0.5), the applicability of the diagonal tension field
model to real girders is valid.
In addition to the tension field geometry, two other assumptions
made in deriving the shear strength theory can affect its accuracy.
The first of these is that the buckling coefficient k for a simply
supported plate should be used. The effect of this assumption can be
seen in Fig. 51, which shows the variation of k with the aspect ratio
~ for the two extreme cases of simply supported edges on all sides and
~
.
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of fixed edges along the flanges. The difference between these
cases amounts to approximately 5% for a = 0.5 and approximately 66%
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for a 3.0. Since the actual degree of restraint on the web by the
•
flanges is not known and it is desirable to be conservative in
predicting shear strength, the assumption of simply supported edges
is justified. However, it should be noted that the influence of this
conservative assumption becomes greater with higher aspect ratios and
accounts partly for the tendency of the shear strength theory to be
conservative for high aspect ratios.
The other assumption which affects the accuracy of the shear
strength theory is that the yield condition for the combined tension
field action normal stresses and the beam action shear stresses can
be approximated by Eq. 4.9. In Ref. 8, Basler showed that this
approximate yield condition results in a conservative estimate of the
shear strength which is at most 10% lower than that obtained using
the exact form of Mises' yield condition. The fact that Eq. 4.9 leads
to more conservative values of V as a increases also accounts in part
u
for the tendency of the shear strength theory to be conservative for
htgh aspect ratios.
Summary
The behavior of a plate girder panel subjected to shear can be
described schematically by the shear force versus panel deformation
curve of Fig. 46b. The ultimate shear force can be considered to be
the sum of the beam action shear force and the tension field action
shear force'. Based on the review of the shear strength theory for
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transversely stiffened girders in this section, it is concluded that
the diagonal tension field model (Fig. 48d) is a reasonable approxi-
mation of actual girder behavior. The resulting equation for ultimate
shear force (Eq. 4.8) provides an effective means of estimating the
shear strength of transversely stiffened plate girders .
'.
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4.3 Shear Strength of Longitudinally Stiffened Plate Girders
Tension ,Field Action and the Ultimate Force
-68
Shear tests on longitudinally stiffened plate girders have shown
conc~usively that each individual subpanel can develop its own
tension field independently of adjacent subpanels (Sect. 2.3).
Photographs of test girders (Figs. 7, 23, 24 and 25) provide visual
evidence of this fact. In the following development of-a method of
predicting the shear strength of longitudinally stiffened girder
panels, the fundamental assumption that each subpanel will develop
its own shear strength is based on this experimental evidence. The
effectiveness of the method in predicting shear strength will be
checked with test results later.
A longitudinally stiffened panel with separate tension fields in
subpanels "1" and "0" is shown in Fig. 52. The subpanel dimensions
are a ,b and aO' b , where b1 1 0 0 b - b .1 Using the notation ~l =
bl/b, the corresponding subpanel slenderness ratios are ~l = bl/t =
1l1~ and· ~O = bolt = ~(l - Ttl)' while the subpanel aspect ratios are
~ = a /b = ~/TII and ~ = a /b = ~/(l - n
l
). The subpanel shear1 1 1 '( 0 0 0 'I
strengths will be designated V and V
ul uO
The ultimate shear force of the longitudinally stiffened panel
is assumed to be the sum of the shear strengths of the subpanels,
V
u
V + V
ul uO (4.19)
In non-dimensional form, uS,ing the notation V = 1" b t, V =,. b t,
pI y 1 pO y 0
..
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(V Iv )1 and V Iv = (V Iv )0' Eq. 4.19 becomes
u p uO pO u p
(4.20)
The shear strength theory discussed inSect. 4.2 will be used to
evaluate the components (V Iv )1 and (V Iv )0' Thus, a diagonal
u pup
tension field having a width bl/2 is assumed to develop insubpanel
"1" and a diagonal field of width b 12 is assumed to develop in .sub-
o
panel "0" (Fig. 52). Formulas for the ultimate shear strengths of
these subpanels can be written using Eq. 4.8.
no tension field action will be developed if the critical shear
stress exceeds the shear yield stress.
The use of approximate yield condition (Eq. 4.9) to evaluate the
o 10 ratios in Eq. 4.21 has been pvrposely avoided. It has beent y
pointed out that this approximate form is more conservative for higher
aspect ratios. The subpanels of a longitudinally stiffened p~nel will
usually have quite high aspect ratios. For example, the panel aspect
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ratios for the shear tests listed in Table 1 varied from 0.75 to 1.5,
while the subpanel aspect ratios varied from 1.12 to 5.0. In each
test subpanel "1" had an aspect ratio of 2.0 or more. Therefore, to
avoid having the predicted shear strength according to Eq. 4.20 be
excessively conservative, the use of Mises' yield condition in its
exact form is desirable. According to Ref. 8, the corresponding
o /0 ratios are
t y
IT (Tcr)
- -- ---- sin(29 )
2 T 1
y 1
(:t) =)1
Y 0
1
+3
These equations can be simplified by substituting the values of sin
(29 ) and sin (2e h where eand 9 are the angles of the two sub-
1 010
panel diagonals:
(:t)
y 1
= 1 _ (~cr)2
. y 1
2
+A
1
=(:tr)
Y 1
(4.22)
( Tcr1 2 . (Tcr)= 1 - :r- + A - A ,A = -T--
Y 0 0 0 D Y 0
~1/3'
1 + Ct 2
o
Provision was made in the shear strength theory for transversely
stiffened girders for panels with low slenderness ratios to develop a
shear strength greater than the plastic shear force V (Eq. 4.129). In
@
..
•
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a longitudinally stiffened panel, it is possible for one subpanel to
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have a low slenderness ratio while the other does not. For example,
~on~ider a girder having S = 300 and ~l = 0.2; the subpanel slenderness
ratios are 61 = 60 and So = 240. According'to Fig. 43, subpanel "1"
would be well into the strain-hardening range betore it fails. However,
there is no assurance that subpanel "0" could tolerate the associated
shear deformations without having one of the subpanel boundary members
fail. Therefore, to fulfill the requirement of compatibility of sub-
panel deformations, it is necessary to eliminate the possibility of a
subpanel reaching the strain-hardening range:
C;)l (~cr)= 1 , for --- > 1 ,~y 1
(4.23)
C:)o = 1 , fore cr~ > 1 ,Y 0
T~e values of the critical shear stresses of the subpanels can be
found from Eqs. 4.11, using the subpanel s-ratios in Eq. 4.llc .. Since
the degree of fixity along the subpanel borders will vary considerably
and would be difficult to evaluate even for a specific web., flange and
longitudinal stiffener size, simply supported.edges will be assumed to
determine the subpanel buckling coefficients. From Eqs. 4.4,these
k-values are given by
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k l 5. 34/0'1
2
4.00 + for 0'1 ~ 1
k 2= 5.34 + 4.00/0'1 for 0'1 > 11
2
(4.24)
kO = 4.00 + 5.34/0'0 for 0'0 ~ 1
2
k 5.34 + 4.00/0' ,for 0' > 1
o 0 0
It should be noted that since the flanges will always restrain the web
to some extent, the use of Eqs. 4.24 to determine the subpanel k-values
should result in a conservative estimate of the subpanel shear strengths.
As an example, the non-dimensionalized ultimate shear forces of the
subpanels given by Eqs 4.21 and 4.23 are plotted in Fig. 53 for 0' =
1.5, ~l = 0.33 and €y 0.0012. Also shown tn the figure for comparison
purposes is the V Iv curve for the same panel if the longitudinal
u p
The points of discontinuity
(V Iv ) .
u p unst~ffened
less than (V Iv ) 'ff d for Q > 230.
u p unst~ ene i'"
stiffener were not used. For this case, (V Iv )1 is greater than
u p
for the entire range of s-ratios while (Vu/Vp)O is
on each curve represent the transition from the elastic range to the
inelastic range, that is, T = 0.8 T . According to Eq. 4.20, the
cr y
ultimate shear force for the stiffened panel for a particular value of
~ is obtained by multiplying the corresponding values of (V Iv )1 and
u p
(V/Vp)O by 1)1 and (1 -T]l) , respectively, and multiplying the sum of
these two products by the plastic shear force V .
P
Figs. 54, 55 and 56 show the results of such a calculation for T] =
1
0.2, T]l = 0.33 amd 1\1 =' 0..5, respectively. In each figure·, the ultimate
shear strength cl,lrves are plotted for three values of aspect rati9;
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~ = 0.75, ~ = 1.0 and ~ = 1.5. ,For ~l = 0.2 (Fig. 54), the transition
points for (Vu/Vp)l = 1 occur near S = 380 and those for (Tcr)O =
0.8 T occur near S 150. (The point where (T ) = 0.8 Ty occursy cr 1
above S = 400 for ~l = 0.2). Three transition points are shown on
for '1\1
1 at S(V Iv )1 =
u p
the curves = 0.33 in Fig. 55: (T ) = 0.8 T at S ~ 295,
cr 1 y
~ 240 and (Tcr)O = 0.8 T at S ~ 160. Since the two
y
subpanels are the same size when ~l = 0.5, only the transition points
for (T ) = (T ) = 0.8, T are shown in Fig. 56. The ultimate shear
cr 1 cr 0 y
force ratio V Iv for a longitudinally stiffened panel can be
u p
determined by selecting the figure for the proper ~l value and reading
off the ordinate where the slenderness ratio S intersects the proper
aspect ratio curve.
The optimum stiffener position '1\1 varies with the slenderness ratio ~
,For the lower range of s-ratios, '1\1 = 0.5 gives the highest value of
V Iv ; for 220 < Q < 280, ~ = 0.33 is the optimum position and for
u p -- P --- '11
S~> 280, ~l = 0.2 gives the highest V Iv value. This situation is
u p
shown in Fig. 57, where the ultimate shear strength curves for longi-
tudinallystiffened panels having ~ = 0.75, 1.0 and 1.5 are shown.
Only three stiffener positions(~l = 0.2, '1\1 = 0.33 and '1\1 = 0.5) are
cons ide red in the figure and for each value ofS, th,e V Iv curve shown
u p
is for the stiffener position which gives the highest value of V Iv .
u p
As shown in,Fig. 57 are the ultimate shear strength curves for
unstiffened panels with ~ = 0.75, 1.0 anq 1.5, so the increase in shear
strength due to the ldngitudinal stiffener can be seen graphically. A
better indication of this, however, can be obtained from Fig. 58, where
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the ratio of the shear strength of the stiffened panel to the shear
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strength of the unstiffened panel 6 is plotted against the slenderness
ratio. Again, only three values of aspect ratio and three stiffener
positions are considered. The efficiency ratio 6 is 1.0 until the
shear strength of the unstiffened panel becomes less than V. Thisp
occurs for 90 < ~ <.220, and below this range of ~-values, no
advantage is gained by using longitudinal stiffeners. A peak in the
efficiency curves is reached at the highest ~-value for which (V Iv )
u p
stiffened = 1.0. At about S 220, an.abrupt transition occurs as
the optimum stiffener position changes from~l = 0.5 to ~l = 0.33, and
a similar transition occurs at about e = 280 when the optimum~l -
value changes from 0.33 to 0.2. Of the three aspect ratios considered,
~ = 1.5 provides the greatest increase in shear strength due to a
longitudinal stiffener with an increase of over 10% for the entire
range 100 < ~ < 400 and a maximum increase of 47% at ~ = 155. Similar
efficiency 6urves could be prepared using Eqs. 4.20-4.24 to include
more stiffener positions and a larger .number of aspect ratios, so that
\
for any ~ - value the optimum~l ~ value could be determined more
accurately and for these ~ and ~l values the increase in shear
strength due to a longitudinal stiffener could also be determined.
Stiffener Requirements
A long~tudinal stiffener must fulfill two requirements if the
ultimate shear strength of the stiffened panel is to be attained. It
must be rigip enough to force a nodal line in the deflected web so
that separate tension fields will form in the subpanels,and it must
also have sufficient area to transfer the horizontal components of the
304.6
tension fields from one side of a panel to the other (see Fig. 52).
The first requirement can be satisfied by providing the minimum
-75
stiffener
nately for
rigidity y* obtained from a web buckling analysis. Unfortu-
L
*YL are not available for the various stiffener positions
considered in this discussion. However, charts have been published in
*Ref. 21 to determine Y
L
for ~l = 0.2, 0.25, 0.33, 0.4 and 0.5 and for
0.7 ~ a < 3.8. Curves plotted from data obtained from these charts
are shown in Fig. 59 for Tl = 0.2, 0:33 and 0.5 and the values of1
*
'VL
for these same 11 1
- values and a 0.75, 1.0 and 1.5 are listed
in Table 8.
The horizontal component of the tension field force (Fig. 52) is
F
h
b0t t 2' cos e
/.. 2'l+a
The corresponding longitudinal stiffener area A
sL is Fh/oy , and in
non-dimensional form
AsLo = ~ =
L w (4.25)
°tEq. 4.25 can be simplified using the approximate expression for
firom Eq. 4.9,
(
'Tcr)
'1 --
'Ty
(4.26)
,.
Unless the longitudinal stiffener is at mid height (Tl
l
= 0.5), the
horizontal components of the tension fields in the two subpanels will
be different in magnitude. These forces will be at ·least partially
anchored by the tension fields in the adjacent subpanels. If it is
"1.• I';
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conservatively assumed that the horizontal components are all applied
at the corners of the subpanels (see Joint B in Fig. 52), the longi-
tudinal stiffener will be required to carry the difference between
the two horizontal components, thus
(4.27)
The transverse stiffeners must have sufficient area to transfer
thevertical component of the tension field force from the top of a
subpanel to the bottom (see Fig. 52). A stiffener must therefore
have sufficient area to carry the larger of the vertical components
of the two subpanel tension field forces. The magnitude of these
forces can be determined from
·
•
F
v
t b 1
°t 2 /1 + 0(2'
The corresponding transverse stiffener area: is A
sT
non-dimensional form,
F /0 , and in
v y
6
T (
,. cr)
'1 - "y j' (4.28)
•
where 0 /0 was obtained from Eq. 4.9. As pointed out above, the
t y
*required transverse stiffener area 6 is the larger of the two values
T
(6) and (6) which are determined from Eq. 4.2'8.T 1 T 0
Both the longitudinal and transverse stiffeners are compression
members and should be proportioned according to Eq. 3.9 to avoid
premature local buckling. Also the area requirements given by Eqs.
4.26 and 4.28 should be modified if the ratio of the effective
,
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stiffener length to its radius of gyration (that is, the stiffener
slenderness ratio t/r) is large enough to cause premature lateral
buckling. In this case the area requirement would be multiplied by
the ratio of 0 y to 0 cr ' where 0 cr is the lateral buckling stress
determined from Eq. 3.1. As pointed out in Sect. 3.3, an effective
-77
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width of 20 times the web thickness can be assumed to act with a one-
sided stiffener in resisting axial force or lateral bending. There-
fore the stiffener area and section properties used in establishing
the stiffener proportions can be computed for a "T" section consisting
of the one-sided stiffener and 20t of the web.
Correlation With Test Results
The shear strength theory developed in this section can be checked
experimentally with the results of the shear tests on longitudinally
stiffened plate girders described in Section 2.3. The principal
specimen parameters, stiffener properties and ultimate loads for the
seven tests are summarized in Table 9.
For each test, the vertical cqmponent of the tension field in
"'
subpanel "0" exceeded that of subpanel "1", so that the required
*transverse stiffener area ratios 0T listed in the table have been
computed from Eq. 4.28 using ~ and (T IT) . The transverse
o cr y 0
stiffener area requirement was satis fied ,for all tests except LS4-Tl,
*where only 91% of 0T was supplied .
The longitudinal stiffener rigidity requirements (from Table 8)
were exceeded for all-seven tests; however, the longituditial stiff~ner
'.
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area requirements were fulfilled in only four tests. For test LS3-Tl,
*only 76% of 6 was supplied, while for tests LS3-T2 and LS4-Tl, 95%L
*and 87% of 6 , respectively, were supplied. However, a longitudinalL
stiffener failure was observed in only one of these cases. In test
LS3-Tl, between load Nos. 12 and 13 (see Fig. 19), a sudden increase
in lateral stiffener deflection was observed, resulting in a rapid
drop in the applied load. In spite of this failure, the panel was
still able to maintain B load higher than that predicted by the theory.
The behavior of the longitudinal stiffeners in the three tests where
6 <0* is a good indication that the stiffener area requirement given
L L
by Eq. 4.27 is conservative.
In the last section of Table 9 the theoretical ultimate loads
predicted by the theory, the experimentally obtained ultimate loads and
I thex
the correlation ratio P . IP are listed. For the seven tests this
u u
ratio varied from 1.00 to 1.18, with a mean value of 1.10. While it is
difficult to establish a trend from seven tests, it could be postulated
that the theory is about 10% conservative, with experimental scatter
for the seven tests ranging from -10% to +8% from this point. There
does not:,:appear" ):o,.be ~any.: ten~enC1Y,fQrth~'th~ory .to .bemo.rg
conservative for some values of a and ~l than for others.
The conservative nature of the shear strength theory could be
attributed to two factors. The first of these is the assumption that
the buckling coefficient for the subpanels should be that associated
with a plate with simply supported edges.· It haB been po'inoted out
previously that the flanges will exert some ie~traint on the web plate.
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However,the extent of this restraint is difficult to establish so
the assumption of simply supported edges was intentionally made to be
conservative. The other factor which could contribute to the conserv-
ativeness of the theory is the type of tension field geometry which
was assumed. The model which was used, that of a diggonal tension
field with width biZ, was selected because it appeared to approximate
the behavior of transversely stiffened plate girders rather closely.
Observations of the tension fields which developed in the longitudi~
nally stiffened girder tests indicated that the model was also a
reasonable approximation for the range of a and ~l ratios which ,was
tested. For this reason, it can be concluded that the use of buckling
coefficients for simply supported panels is the main reason for the
conservative nature of the shear strength theory developed in this
section.
,Summary
A method of predicting the shear strength of longitudinally stiff~
enedL plate girders has been developed in this section. The method is
based on the assumptions that the subpanels formed by a longitudinal
stiffener can develop independent tension fields, that the shear
strength of a subpanel can be estimated using a diagonal tension field
with a width of one-half the subpanel depth and that the ultimate shear
strength of a stiffened panel is equal to the sum of the shear strengths
of the subpanels. Transverse and longitudinal stiffener requirements
have also been ,established based on the assumed tension field geometry.
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Based on the theory, the shear strengths of panels· with aspect
ratios equal to 0.75, 1.0 and 1.5 and with longitudinal stiffeners
located 0.2, 0.33 and 0.5 times the web .depth from the compression
flange have been computed and presented graphically. The optimum
.stiffener position .was found to vary with the web slenderness ratio
and the increase in shear strength due to a longitudinal stiffener
was found to vary with both aspect ratio and slenderness ratio. An
increase in .shear strepg~h of over 40% can be obtained for some
values of aspect ratio and slenderness ratio and a minimum increase of
10% can be attained for slenderness ratios from 100 to 400 if the
proper aspect ratio and stiffener position are used.
The results of seven shear tests on longitudinally stiffened plate
girders have been summarized and compared with the shear strength theory.
The test results indicate that the stiffener proportioning requirements
are conservative and that the ultimate shear strength predicted by the
theory provides a conservative estimate of actual girder shear str~ngth.
..
\
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Chapter S
SUMMARY.
The strength of I-shaped plate girders under various loading
conditions is significantly affected by lateral web deflections.
For this reason, the methods commonly employed in evaluating the
strength of beams are not applicable to plate girders. Classical
plate buckling theory, which is based on the assumptions that the
plate is initially undeforrned and that lateral deflections which
develop under load are small relative to the plate thickness, has
also been found to be inadequate in predicting the strength of plate
girders. Because of initial web deflections no clearly defined
buckling load is observed in a real girder test, and because of
stress redistribution in the web, a considerable post-buckling
strength can be developed. The web boundary members play an important
role in this stress redistribution, so that the post-buckling strength
cannot nece~sarily be determined using large deflection plate theory
where initial plate imperfections and web deflections of the order of
the plate thickness are considered .
.Methods of predicting the static strength of transversely stiffen-
•• 7,8,9
ed plate girders have been developed by Basler and Thurlimann,
based on the behavior of a large number of test girders. S However,
methods o~ predicting the static strength of longitudinally stiffened
plate girders have not been available. For this reason, .the studies
-81-
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described in this report were undertaken. Beca~se the tests on longi-
tudinally stiffened girde~s reported in the literature have often been
directed toward determining the web buckling load rather than the
ultimate load, experimental studies were included in the research
program.
The loading conditions of pure moment and high shear are investi-
gated both experimentally and theoretically. For the two loading
conditions, the ultimate strength formulas represent an attempt to
approximate the observed behavior of the test girders, using the
ultimate strength formulas for transversely stiffened plate girders
as a starting point. The principal results of the investigation will
be summarized according to loading condition in the following two
sections.
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5.1 Ben~ingStrength
-83
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In a transversely stiffened plate girder subjected to pure bend-
ing, the compressed portion of the web develops substantial lat~~al
web deflections, resulting in a redistribution of compressive stresses
from the web to the compression flange (Sect. 3.1). The bending
strength of a girder is therefore limited by the strength of the
compression flange acting with a portion of the web as a ,column. It
has been shown that the bending strength will be reached as a result
7
of yielding or instability of the "compression flange column".
Three types of instability were considered: lateral buckling,
torsional buckling and vertical buckling. A flange stress reduction
formula was also derived to compensate for the increase in compression
flange stress due to stress redistribution.
,A review of this theory (Sect. 3.2) indicates that the formulas
for lateral and torsional buckling stresses, along with the flange
stress reduction formula, provide an effective means: of estimating
the bending strength of transversely stiffened plate girders. However,
it is concluded that a limit on the maximum web slenderness ratio based
on a vertical buckling analysis is unnecessary since vertical buckling
can occur only after the ultimate moment has been reached. The flange
stress reduction formula can be extended beyond this "max imum web
slenderness ratio", giving good correlation with test results up to a
slenderness ratio of 450.
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The bending tests on longitudinally stiffened plate girders
indicated that a longitudinal stiffener can effectively control
-84
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lateral web deflections so that little or no redistribution of stress
from,.the web to the compression flange results (Sect. 3.3). It is
suggested that a properly positioned and proportioned longitudinal
stiffener can maintain a linear stress distribution in the girder
section until the ultimate moment is reached, thus eliminating the
need for a reduction in ultimate bending stress. A stiffener position
one-fifth of the web depth from the compression flange is adopted and
stiffene~ proportioning requirements are formulated to ensure that the
bending stress distribution remains linear. The bending strength
formulas and stiffener requirements for longitudinally stiffened
girders are summarized in the first section of the Appendix .
The bending strength theory is compared with the results of eight
bending tests on longitudinally stiffened girders. For four of these
19
tests the longitudinal stiffener proportions were inadequate to
control stress redistribution up to ultimate moment according to the
theory, so a reduction in ultimate ben'ddip.g:.stress was, used in pre-
dicting the ultimate loads. Excellent correlation between the
predicted,and experimentally measured ultimate loads was obtained
18(Table 6). The other four test specimens had longitudinal stiffeners
of sufficient proportions according to the theory and no reduction in
ultimate bending stress was required in predicting ultimate loads. The
correlation for these four tests (Table 6) is very good and confirms
the applicability of the theory to girders with properly proportioned
longitudinal stiffeners.
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Thus, a method of pre~icting the bending strength of longitudinally
stiffened plate girders has been presented along with requirements for
proportioning stiffeners. The method is based on the behavior of
actual girders. It has also been shown that when properly proportioned
longitudinal stiffeners are used, a significant increase in bending
strength can result.
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5.2 Shear-Strength
In a transversely stiffened plate girder subjected to high shear,
lateral web deflections increase until a stage is reached whe~e the
compressive principal stress associated with beam theory shear
(Fig. 4la) can no longer increase. The stress in the direction of
the tension diagonal can increase, however, and as the applied shear
force is increased, a field of tensile stresses develops. This tension
field action is the source of the post-buckling shear strength. When
the combination of beam action shear stresses and tension field action
normal stresses in the web fulfills the yield condition, the ultimate
shear strength will be reached.
A method of estimating the shear strength of transversely stiffened
girders has been developed in Ref. 8. The shear contribution of the
type of tension field shown in Fig. 42a was evaluated and added to the
beam action contribution to obtain a prediction equation for the
ultimate shear force (Sect. 4.2). This equation provides a reasonable
estimate of actual girder shear strength (Table 7), with the theory
tending to be conservative for panels with h~ghaspect ratios. Two
factors appear to be respo~sible for this tendency: the approximate
form of the yield condition which was used (Eq. 4.9) and the assumption
that the buckling coefficient used in evaluating the beam action contri-
bution should be that for a simply supported plate.
304.6
The shear tests on longitudinally stiffened plate girders
revealed that a longitudinal stiffener can effectively control
lateral web deflections to the extent that separate tension fields
can be developed in the subpanels.formed by the stiffener. Accord-
ingly, a shear strength theory for longitudinally stiffened girders
is formulated in,Sect. 4.3, based ,on the assumption that the shear
strengths of the subpanels can be developed independently of the
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adjacent subpanels and that the ultimate shear force of the stiffened
panel is the sum of the ultimate shear forces of the subpanels. The
tension field geometry assumed in this theory is that of a partial
diagonal field with a width equal to one-half of the web depth, since
this model provides a reasonable approximation of actual girder
behavior. In order to avoid an unduly conservative theory, it is
suggested that the exact form of the yield condition (Eq. 4.22) be
used. Longitudinal and transverse stiffener requirements are formu-
lated based on the assumed tension field geometry. The shear strength
formulas and stiffener requirements are summarized in the second
section of the Appendix.
Using this theory, the shear strength of panels with a~pect ratios
equal to 0.75, 1.0 and 1.5 and with longitudinal stiffeners located 0.2,
0.33 and 0.5 times the web depth from the compression flange are
computed and presented graphically (Figs. 54-56). It is shown that
the optimum stiffener position varies with the web slenderness ratio
and that the increase in shear strength due to a longitudinal stiffener
is a function of the aspect ratio and the slenderness ratio. A subs~ahM
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tial increase in shear strength can be realized for some combinations
of aspect ratio, slenderness ratio and stiffener position.
The applicability of the theory is checked experimentally with
the results of seven shear tests on longitudinally stiffened girders
with varying aspect ratio and stiffener position. The test results
indicate that the stiffener proportioning requirements are conservative
and that the ultimate shear strength predicted by the theory provides
a conservative but reasonably close estimate of actual girder shear
strength.
Thus, a method of predicting the shear strength of longitudinally
stiffened. plate girders has been presented along with requirements for
proportioning stiffeners. The method is based on assumptions which
approximate the behavior of actual girders. It has also been shown
that a longitudinal stiffener can make a substantial contribution to
the shear strength of a plate girder .
..
\
..
304.6
5.3 Suggestions for Future Research
This report has been limited to a study of the static bending
and shear strength of plate girders with a single longitudinal
stiffener. A number of related topics remain to be investigated:
1) the effect of interaction .between bending moments and
shear forces on the carrying capacity of longitudinally
stiffened plate girders;
2) the use of multiple longitudinal stiffeners on a girder
web;
3) the effect of longitudinal stiffeners on the strength
of non-rectangular girder panels (curved or straight
haunches);
-89
4) the fatigue strength of longitudinally stiffened plate
girders.
•
The above list is not intended to be exhaustive but indicate~~some
of the problems concerning longitudinally stiffened plate girders
which should be studied. It is anticipated that some of these problems
will be investigated at Lehigh University in the future .
,.
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APPENDIX
SUMMARY OF ULTIMATE STRENGTH FORMULAS
1. Bending Strength Formulas
Lateral Buckling of the Compression Flange:
(::r)
2
1 - ~ , for 0 ~ A s;. 124
.f
.f
2
G:r)l A >12+ for A
-t
,JS'where A = - ::::L
-t r 2
'Ii
Torsional BUckling of the Compression Flange:
(:cr)
y t
1.36
= 1 - 0.53 (A - 0.45)
t
.1
2 '
At
for 0.45 s;. \ s;./2
for A > 12
t
where A = 1.61 c r;:!d
t y,
Ultimate Bending Stress:
•
..
(cr ) or (cr ) , whichever is lower
cr .f cr t
- 90 -
-.
\
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Longitudinal Stiffener-Requirements:
11 =0.5
1
c Id '.< 24000/~s s - 1\ y
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(a 10 ) > 0.6 (a la)
cr Y JS - cr Y J
Transverse Stiffener Requirement:
- S ...... S I,."T ~ L I.<
2. ShEHH' Strength Formulas
Buckling Coefficients:
" 2k 4.00 + 5. 34/0(1 for 0( :::;; 11 12
. k ._- 5.34 + 4.00/0(1 , for 0(1 > 11
kO 4.00 + 5.34/0(0
2 for 1, 0(0 :::;;
k 5.34 + 4.0010( 2 for 1= , 0(0 >0 0
Critical Shear Stresses:
("cr)l = (,.cri\' for ("cri)l :::;; 0.8 ,.y
<"cr) 1 = 10.8("cri)1"y:' for ("cri)l > 0.8 ,.y
where (,.
cri) 1
k1 rlE
=
-2 })S' 12(1 -1
(,. ')0'cr~ for (,. ')0 ~ 0.8 ,.ycr~
("cr)O = 10.8(,. .),. \,cr~ 0 y for (,. .) > 0.8 ,.cr~ 0 y
where (,. )
cri 0
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-Tension .Fie1d Stresses:
\
2
2 Q'/3'
(crt) G;l C;l1 - +A - A where A1 20y 1 1 1 ' 1 + ()'1
(::)0 Ccr) 2 2 where (T cr) Cr'l3'= 1--.- +A -A, A 2'Ty 0 0 0 0 'Ty 01 + Q'0
Subpane1 Ultimate Shear Forces:
(VU ) ('Tcr) J3 (Ot)
1
(:;r) 1Vp 1= Ty 1 +"2 , for ~ 1/1 2'0y 1 + Q'1
c;\ (Tcr)= 1, for y 1 > 1
..'
C;)o -C:t +13- -..' 1 (:cr)(:;)0 , for ~ 12 11 + Q' 2'
0 y 0
( ~u\ = 1,p)o for (Tcr) > 1Ty 0
Ultimate Shear Strength of Stiffened Panel:
Longitudinal Stiffener Requirements:
* *
'YL ~ 'YL ' where 'YL is given by Fig. 59
* where * I(OL) 0 (OL) 110L ~ 0L
°L = ,Q' ~ _(cr) J(OL)l -..:'1
2/1 2'+ Q'1 Ty 1
..
\
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Transverse Stiffener Requirements:
°T ~ 0* , where 0* is the larger of the two valuesT T
(0 ) 1 [1 -e:r)1]=T 1 2/1 2'+ 0'
1
(OT)O 1 [1 -Ger) Jor 2/1 2'+ 0'0 Y '0
..
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NOMENCLATlJRE
1. Lower Case Letters
a: panel width or distance between transverse stiffeners
b: panel depth or distance between flanges; with subscript
"1", distance from compression flange to longitudinal
stiffener
c: half of flange width; with subscript "s", width of a
longitudinal stiffener
d: flange thickness; with subscript "s", thickness of a
longitudinal stiffener
k: buckling coefficient
t: effective length of a column
r: radius of gyration
s: tension field width
t: web thickness
v: girder deflection in the plane of the web
w: lateral web deflection
•
2. Capital Le tters,
A:area~f cross section
E: modulus of elasticity, 30,000 ksi.
F: force
I: moment of inertia
M: bending moment
.'. "
- 94· -
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P: test load ona girder
Q: static moment of area
S: ,section modulus
V: shear force
3. Greek Letters
-95
0':
~ :
y:
/):
panel aspect ratio, alb
web slenderness ratio, bit
stiffener rigidity ratio, 12(1 - v 2 ) Is/bt3
,stiffener area ratio, A IA
's w
strain
•
~: longitudinal stiffener position, ~l
e: inclination of panel diagonal
A: column buckling parameter
v: Poisson's ratio, 0.3
p' ratio of web area to flange area, Aw/A f
0: normal stress
T: shear stress
~: inclination of tension field
4. ,Subscripts
a: above
cr: cri tical
cri: ideal critical
f: flange
t: lateral buckling
\..
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0: without longitudinal stiffener
p: plastic
s: stiffener
t: tension; torsional buckling
u: ultimate
w: web
y: yield
0: subpanel "on
1: subpanel "1"
<L: centerline
L: longitudinal stiffener
T: transverse stiffener
cr: as carried in tension
~: as carried in shear
5. Superscripts
ex: experimental
th: theoretical
*: required
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Longitudinal . Transverse
Test Loading ex e TIl Stiffeners Stiffeners;
LB1 1.0.- 444
--- none 3I x1/4"
bO
LB2 c 1.0 447 0.2 2I x1/8" 3I x1/4"
'r-!
"0
C
LB3 Q) 1.0 447 0.2 2 1/2 I x1/8" 3I x1/4"i=l=l
Q)
LB4 l-l 1.5 447 0.2 2"x1/8" 3I x1/4"~
LB5 0.75 447 0.2 2I x1/8" 3I x1/4"
I
LS1-T1 1.0 256
--- none 3I x3/4"
LS1-T2 1.0 256 0.33 41 x1" 3"x3 /4"
LS2-T1 l-l 1.0 275 0.33 4I x1/2" 3I x3/4"
til
Q)
LS3-T1 ...c 1.5 276 0.33 2I x1/2" 5I x3/8"tIJ
...c
LS3-T2 bO 1.5 276 0.33 3 1/2"x 1/2" 5I x3/8"
.r-!
:::t::
LS3-T3 0.75 276 0.33 3 1/2I x1/2" 5I x1/2"
"-
LS4-T1 1.0 260 0.20 3 1/2 I x1/2" 3 I x1/2"
LS4-T2 1.0 260 0.50 3 1/2I x1/2" 4 1/2 I x1/2"
Table 1 Test Parameters and Stiffener Sizes
.-
304.6
Test Per P Poy
(kips) (kips) (kips)
LB1 15.1 175.7 155.0 .
I
LB2 81.3 172.2 153.6
LB3 81.4 169.1 149.9
LB4 81.1 163.8 143.6
LB5 81.7 166.5 148.3
L81-T1 74.3 523.6 351.5
L81-T2 126.6 514.6 351.5
L82-T1 102.4 408.7 276.9
L83-T1 87.1 396.0 215.1
L83 -T.2 87.1 394.7 215.1
L83-T3 120.8 394.7 302.7
L84-T1 93.4 531.8 357.7
L84-T2 193.0 536.2 357.7
Table 2 Referenee Loads for Girder Tests
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exp p p p
Test cr y 0 u ex Puex/py ex(kips) (kips) (kips) (kips) Pu /Pcr P /pu 0
LB1 15.1 175.7 155.0 156.5 10.36 0.89 1.01
LB2 81.3 172 .2 '153.6 152.0 1.87 0.88 0.99
LB3 81.4 169.1 149.9 150.0 1.84 0.89 1.00
LB4 81.1, 163.8 143.6 147.0 1.81 0.90 1.02
LB5 81.7 166.5 148.3 150.8 1.85 0.90 1.02
Table 3 Bending Test Results
P P P exP
Test cr y 0 u
(kips) (kips) (kips) (kips) P ex/p p ex/ p p ex/ p
u cr u y u 0
L81..,T1 74.3 523.6 351. 5 363.5 4.89 0.69 1.03
L81-T2 126.6 514.6 351. 5 414.0 3.27 0.80 1.18
L82-T1 102.4 408.7 276.9 315.5 3.08 0.77 1.14
.' .
L83-T1 87.1 396.0 215.1 278.5 3.20 0.70 1. 29
L83-T'2 87.1 394.7 215.1 296.0 3.40 0.75 1.38
L83-T3 120.8 394.7 302.7 338.0 2.80 0.86 1.12
L84-T1 93.4 531.8 357.7 380.5 4.07 0.72 1.06
L84-T2 193.0 536.2 357.7 405.5 2.10 0.76 1.13
Table 4 8hear Test Results
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..
test G1-T1 G2-T1 G2-T2 G3-T1 G3-T2 G4-Tl G4-T2 G5-T1 G5-T2
a 35.4 38.6 35.5 37.6 35.5y
S 185 185 185 388 388
P 1.5 1.4 1.6 0.7 0.8
c/d 24 16 -- - 16 - --
;jr 19 32 16 39 19 30 15 36 18
Pred. Mode T* L** LorT L L L L L L
% Red. -- - 2 1 8 9
P th 73 141 145 126 130 118 121 106 109u
ex
P 81 135 144 130 136 118 125 110 124
u
ex th
,p
.. /P , 1.11 0.96 0.99 1.03 1.05 1.00 1.03 1.04 1.14u' u
* T:, Torsional Buckling
** L: Lateral Buckling
Table 5 Test Results from Ref. 7
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. SOURCE REFERENCE 19 REFERENCE 18
SPECIMEN 4S2 LS3 LS4 . LS5 D E 3 4
O! LO 1.0 1.5 0.75 0.60 0.40 , I 0.60 0.45
S 447 447 447 447 299 401 300 400
TIl 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
c/d i8.0 8.0 8.0 7.9 3.0 5,0 6.4 6.7
(0' 1cr ) f 0.991 0.991 0.981 0.995 0.759 0.736 0.887 0.898
cr Y-t
._-
'V* 20.6 21.4 37.6 . 14.2 11.4 7.7 12.2 8.9
sL
'VsL 27.6 49.6 27.6 27 .. 6 22.6 16.8 23.1 17.4
cs/ds 16.3 20.3 16.3 16.3 13.4 13 .4 12.3 12.3
0.6(0' 10') f 0.595 0.595 0.589 0.597 0.455 0.442 0.532 0.539cr Y t
(acr/cry) {s 0.795 0.872 0.514 0.879 0.946 0.956 0.932 0.932 i
1 ( .. 3) 0.110 0.096 0.099 0.102 0.008 0.011 0.324 0.417sL Ct'illn.
s (in. 3) 0.562 0.562 0.562 0.562 0.013 0.064 0.583 0.583T
% Red. 10.7 10.6 10.5 10.5 (17.2) (24.2) (16.4) (26.1)
P th (k) 153.6 149.9 143.6 148.3 28.3 38.6 189.7 238.8
u
P ex (k) 152.0 150.0 147.0 150.8 28.2 36.3 194.2 237.4u
P ex /P th 0.99 1.00 1.02 1.02 1.00 0.94 1.02 0.99u u
.
Table 6 Correlation of Bending Strength Theory With T~st Results
304.6
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Aw V th V ex
V ex
SOURCE TEST Q'=a/b l3=b/t cry u
(in. 2)
u u
V th(ksi. ) (kips) (kips)
u
Group A W.B-l 3 56.5 3.47 43.3 108 109 1.01
,
Ref. 31 WB-2 3 54.9 3.57 47.8 120 128 1.07
I
WB-3 3 58.9 4.36 49.6 139 139 1.00
WB-6 3 -70:0 4.40 33.1 97 96 0.99
WB-7 3 60.6 3.88 33.7 100 95 0.95
Group B
WB-8 3 59.7 4.10 29.7 101 100 0.99
Ref,. 31
WB-9 3 50.0 3.12 30.3 92 92 1.00
-~- -
WB-10 3 49.4 3.i14 30.3 94 94 1.00
G6-T1 1.5 259 9.65 36.7 112 116 1.04
G6-T2 0.75 259 9.65 36.7 157 150 0.95
Part 3
G6..,T3 0.5 259 9.65 36.7 180 177 0.98
Ref. 5
G7-T1 1.0 255 9.80 36.7 142 140 0.98
G7-T2 1.0 255 9.80 36.7 142 145 1.02
E1:-T1 3.0 131 19.1 41.7 250 278 1.11
E1-T2 1.5 131 19.1 41.7 330 290 0.88
Part 4
G8-T1 3.0 254 9.85 38.2 76 85 1.12
Ref. 5
G8-T3 1.5 254 9.85 38.2 119 117 0.98
G9-T1 1.5 382 9.85 44.5 85 79 I 0.93
H1-T1 3.0 127 i9.65 108.1 473 630 1.33
H1-T2 1.5 127 19.65 108.~ 710 769 1.08
Ref. 29
H2-T1 1.0 128 19.50 110.2 875 917 1.05
H2-T2 0.5 128 19.50 110.2 1143 1125 0.98
Table 7 Summary of Shear Tests on Welded, Transversely
Stiffened prate Girders (Ref. 8)
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y* for 11 =0.2 y* for 11 =0.33 y* for 11 =0.5
01 L 1 L 1 L 1
0;75 0.4 2.5 11
1.0 3 8 35
1.5 17 32 140
Table 8 Longitudinal Stiffener Rigidity Requirements
(Ref. 21)
.
..
TEST LS1-T2 LS2-Tl LS3-Tl LS3-T2 LS3-T3 LS4-Tl LS4-T2
..
01 1.0 1.0 1.5 1.5 0.75 1.0 1.0
S 256 275 276 276 276 260 260
TIl 0.33 0.33 0,.33 0.33 0.33 0.20 0.50
0* 0.212 0.210 0.160 0.160 0.232 0.258 0.143
T ,
8T 0.315 0.315 0.275 0.275 0.342 0.235 0.315
y* 8 8 32 32 2.5 17 35
L
YL 264 164 49 116 116 116 116
0* 0.238 0.238 0.275 0.275 0.201 0.302 0.000L
0L 0.502 0.288 0.208 0.262 0.262 0.262 0.262
p th(kips) 375.0 296.0 253.0 253.0 315.8 381.0 342.6
u ;
Puex(kips) 414.0 315.5 278.5 296.0 338.0 380.5 405.5
p ex/p th 1.10 1.06 1.10 1.17 1.07 1.00 1.18u u
Table 9 Correlation of Shear Strength
Theory With Test Results
.•
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Fig. 9 Load-Vs-Centerline Deflection Curve
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Fig. 16 Failure Due to Vertical Buckling in
Specimen LB4
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Fig. 21 Web Deflections at the Center of Two
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Fig. 23 Girder LSi After Testing
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Fig. 25 Girder LS3 After Testing
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Fig. 31 Vertical Buckling of Compression Flange
(Test G4-T2, Ref. 5)
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Fig. 35 Section Properties of Various Compression
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Fig. 41 Stress States in Plate Girder Web
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Fig. 43 Shear Strength Curves for Transversely
Stiffened ~late Girders (Ref. 8)
304.6
0.8
0.6
..'&.
Vp
0.4
o-y =36ksi
0.2 {3 =360
o 2 3 Q= 0lt>
-128
Fig. 44 Correlation Between Theory and Test Results,
Transversely Stiffened Plate Girders
Fig. 45 End Post as Anchorage for Tension Field (Ref. 8)
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Fig. 50 Probable Distribution of Tension Field Stresses
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Fig. 51 Influence of Boundary Conditions on Buckling Coefficient
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